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Abstract

Microcystins (MCYST) potently inhibit protein phosphatases and
these cyclic heptapeptides are powerful hepatotoxins. They are
known to be secondary metabolites produced by several species
of cyanobacteria. The release of these peptides into water
supplies poses a considerable threat to both humans and animal
both as acute or prolonged exposure. The function and
regulation of these peptides has yet to be elucidated as most

results are inconclusive.

This thesis examines MCYST levels in cultures of Microcystis
aeruginosa grown under various growth conditions, by
determining changes in intracellular MCYST in relation to
biomass, cell humber, chlorophyll a, protein and extracellular
levels. Increasing inorganic carbon through the addition of
sodium bicarbonate, strongly affected MCYST levels as
concentration increased MCYSTs decreased. Both the intra and
extracellular data confirmed that a decrease in production had
occurred, not cellular excretion. Additional investigations also
confirmed the reductions were not linked to elevated sodium
ions. However, growth of M. aeruginosa in media sparged with

5% CO; enriched air did not lead to reduced microcystin levels,



therefore implying that MCYST levels are only reduced by

bicarbonate levels.

The persistence of these secondary metabolites in the
environment is a major concern as potable water guidelines
become more stringent. Identifying and understanding natural
degradation processes which could be developed or used to
predict degradation rates is essential, studies identified that
rates of degradation for different MCYST variants are affected by
the microbial diversity of the water body. However, prior
exposure to multiple toxins increases a microbial population’s
ability to degrade complex compounds like MCYST and
nodularin.

This thesis also highlights the need for developing an advance
treatment approach, TiO, photocatalysis has relatively recently
been explored for industrial application of water management
although the cost of using UV is prohibitive. Therefore work
developing new and novel catalysts which have equal or better
activity for degrading compounds while using only visible light as
the activation energy and not UV is essential. This study
identified a few novel visible light catalysts the best of which
(KSH Burg) rival the degradation potential of the UV

photocatalyst Degaussa P25 under UV light.
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Chapter 1

Introduction to microcystin production and
degradation



1.1 Introduction

1.1.1 Cyanobacteria

Cyanobacteria are photoautotrophic prokaryotic organisms
devoid of organelles such as nuclei, mitochondria, chloroplasts,
golgi apparatus and endoplasmic reticulum present in eukaryotic
cells (Van Den Hoek et al., 1995). They are considered as one of
the earliest life forms as fossilized remains of unicellular and
filamentous forms attributed to cyanobacteria have been
identified in sedimentary rocks formed some 3.5 billion years
ago around the early Precambrian period. Additionally endolithic
(growing within rock) forms that reproduced with baeocytes (a
small spherical reproductive cell) are present in rocks formed
1.5 billion years ago. Heterocystous forms and other forms with
true branching have appeared more recently, after the
Precambrian period. These fossils of cyanobacteria are
morphologically similar to their present day counterpart and
many aspects regarding the rate of evolutionary changes in the
cyanobacterial lineage remain unanswered (Wilmotte, 1994).
These organisms and presumably their early geological
ancestor’s success can be attributed to various features within
this group, as many cyanobacteria are able to tolerate

fluctuations in temperatures of several degrees higher than



eukaryotic algae and other variation of their physiological
conditions (Whitton, 1992). They are able to synthesis

chlorophyll a and at least one phycobilin pigment (Mann, 1992).

Cyanobacteria have had many names throughout history, the
most common being blue-green algae due to the similar
morphology they have to eukaryotic algae and their ability to
photosynthesis. Only after studies identified them as being more
closely related to the prokaryotic than the eukaryotic algae,
were they termed blue-green bacteria (Cyanobacteria) (Van Den
Hoek et al., 1995). Although they have a simple structure the,
metabolic activities are compartmentalized into multienzyme
granules that optimize processes such as metabolism and
growth (Oberholster et al., 2004). These multienzyme granules
are specific for certain metabolic pathways and are located in
the intracellular membrane and cell membrane within the

periplasm of Gram-negative bacteria.

In cyanobacteria the process of photosynthesis typically utilizes,
water as an electron donor leading to the release of oxygen into
the environment. This ability of cyanobacteria to produce
oxygen from water and research of fossil data, palaeontology,
geology and geochemistry from the Precambrian period

(Whitton, 1992), provides very convincing evidence that
3



suggests cyanobacteria played a major role in the oxygenation
of the atmosphere. Cyanobacteria are also thought to be the
evolutionary origin of plant chloroplasts, the bodies responsible
for plant photosynthesis. Theorists have suggested that
photosynthesizers were taken up by microbes, eventually losing
their ability to function independently and became chloroplasts

(Carmichael, 1994).

Cyanobacteria have been found to inhabit a wide variety of
habitats with a high degree of success, they posses many
physiological characteristics that are able to tolerate some of the
most extreme conditions. They have been found in freshwater
and in the sea, on damp soil and even in such extreme and
inhospitable places as glaciers, desert and hot springs (Van Den
Hoek et al., 1995). They are often the first phototrophs to
colonize bare areas of rock and soil, having adapted ultraviolet
absorbing pigments to increase their fitness in a relatively
exposed land environment (Mur et al., 1999). The majorities
however live in freshwater environments such as reservoirs,
lakes and slow flowing streams, with the ability to grow at
significant depths (with low light) as well as on the surface (with
high light).

The phytoplankton of many lakes, reservoirs and rivers under

prevailing environmental conditions become dominated by
4



cyanobacteria, resulting in higher than average biomass. This
process has been classed as bloom formation, the most
profound being those produced by species containing gas-
vacuoles. These cyanobacteria are able to regulate their
buoyancy, through alterations in the turgor pressure of gas filled
inclusions. This gives cells the advantage of migrating into
higher light conditions, reduces sedimentation losses and
improves access to nutrient supplies (Dow et al., 2000). The
species commonly found in surface blooms are colonies of
Microcystis and aggregates of filaments as in Anabena and

Aphanizomenon.

Many cyanobacterial species are also able to grow on the bottom
sediments of sufficiently clear water bodies, and these benthic
species are thought to form coherent mats. Then during high
rates of photosynthesis the oxygen produced as bubbles within
the mats, is thought to be able to accumulate enough to
potentially break sections off. These sections are very buoyant
and float to the surface, where they are usually washed onto the
surrounding banks (Mur et al., 1999). Increased available
nutrients under ideal growing conditions can cause major
problems within many rivers, lakes and reservoirs, as they
cause a natural enhancement of biological production

(eutrophication). This is usually caused by high levels of
5



nitrogen and phosphorus, resulting in cyanobacterial surface
blooms. Increased organic matter may lead to a depletion of
dissolved oxygen as decay occurs, resulting in problems of fish
mortality and liberation of toxic substances (Harada et al.,
1999). The majority of increases in nutrient levels usually occur
naturally by natural soil erosion or as a result of anthropogenic

activity.

1.1.2 Cyanotoxins

The presence of many cyanobacterial blooms throughout the
world, in fresh, brackish and marine waters have been
frequently found to be toxic. This has lead to concerns over the
environmental and health implications of such bloom formations.
Most cyanotoxins have been found to be more hazardous to
terrestrial mammals than to aquatic boita (Sivonen et al.,
1999). A large proportion of research into these toxins produced
by cyanobacteria has been stimulated by cases of poisoning to
agricultural livestock, wild animals, dogs and human fatalities
(Codd et al., 1988). The main route of poisoning is following
direct ingestion of surface blooms, but in a case of human
fatalities in Brazil, water used in a dialysis clinic had insufficient

water treatment (Kuiper-Goodman et al., 1999).



There are three main groups of toxin found to be produced by
cyanobacteria; these are hepatotoxic (cyclic peptides),
neurotoxic (alkaloids) and lipopolysaccharides (Cornish, 2000).
The main focus of this study was in the hepatotoxic group
commonly associated with cases of poisonings, produced by the
MCYST and nodularin families (Sivonen et al., 1999). These are
cyclic peptides; comparatively large peptides with molecular
weights ~ 800 - 1,100 Da and usually water-soluble, although
there are a few which are more hydrophobic. The MCYSTs have
a common structure consisting of three D-amino acids (alanine,
erythro-p-methlyaspartic acid and glutaminc acid), two L-amino
acids, which are variable, plus two unusual amino acids namely
N-methyldehyroalanine and a hydrophobic 20-carbon chain,
unique to these toxins, 3-amino-9-methoxy-2,6,8-trimethyl-10-
phenyldeca-4,6-dienoic acid (Adda). There have been over 70
MCYSTs characterized so far (McElhiney et al., 2005;Sivonen et
al., 1999) with variations in the amount of methlyation and
demethylation, changes in the two L-amino acids and structural
variation in the Adda. The naming of MCYST (MCYST) indicates
the position (X or Z) and type of amino acid, for example in
(Figure 1.1) position X contains leucine (L) and position Z
contains arginine (R) to give MCYST-LR (Sivonen, 1996;Sivonen

et al., 1999).



NH
D-Ala

<
=
<

0 COOH O
D-MeAsp

Figure 1.1

Structure of MCYST-LR with two variable amino acid positions marked
with an X and Z, positions R1 and R2 depict either H
(demethylmicrocystins) or CHs; to give the different microcystin
variants.

Another closely related group is the cyclic pentapeptides called
nodularins, these show similar hepatotoxicity to that of MCYST
and target the same organs in mammals (Sivonen et al., 1999).
They are produced by the genus Nodularia, with the exception of
motuporin containing valine, characterized from the marine
sponge Theonella swinhoei (Sivonen et al., 1999). The chemical
structure of nodularin (Figure 1.2) is Cyclo-(D-Masp-L-Arginine-
ADDA-D-Glutamic acid-D-Mdhb), where D-Masp is D-erythro-j-
methylaspartic acid. Adda is (2S,3S,8S,95)-3-amino-9-
methoxy-2,6,8-tri-methyl-10-phenyldeca-4(E), 6 (E)-dienoic

acid and Mdhb is N-methyldehydrobutyrine. Only a few naturally



occurring variations of nodularin have been found these are

detailed in Table 1.1.

4 DGlu
3 Adda COOH 5

(DMAdda) ? CH, Mdhb

H
Hs CH3 N

NH

o}
HJ_é HaC, Rs 2 COOH
H,N N >*_§ 1 D-MeAsp
\H/ L-Arg HC  L-Va (D-Asp)

H,N

Figure 1.2
Nodularin with three amino acids that can be found in the R; position

Table 1.1

Through the addition of various methyl groups or amino acids to
positions R;, R, or R3 of the generic nodularin structure (Figure 1.2) a
variety of different nodularin variants can be formed.[Superscript are
variation of to amino acids in positions 1-5]

R, R> R;
nodularin (nodularin-R) CH; CH; L-Arg
[DMAdda®] nodularin CHs H L-Arg
[D-Asp'] nodularin H CHs L-Arg
[I-Val?]nodularin (motuporin) CH; CH; L-Val
[L-Har?] nodularin CHs CHs L-Har




The mammalian toxicity of MCYSTs and nodularins is mediated
through their strong binding to key cellular enzymes called
protein phosphatases (Sivonen et al., 1999). They interact in a
remarkably similar manner to okadaic acid (a potent tumour
promoter), demonstrating high specificity with potent inhibition
of protein phosphatases 1 and 2A (MacKintosh et al., 1990).
They are the two major phosphatases in eukaryotic cells used to
dephosphorylate serine and threonine residues. The greatest
threat from MCYSTs and nodularins is to human health, as an
acute exposure to a high dose causes death from liver
haemorrhage or failure (Falconer, 1991;Falconer, 1994). Also
chronic low-dose exposure from water supplies where treatment
is only able to remove the bulk of cell biomass and not free
cyanotoxins, has been identified as a cause of chronic liver
damage and tumour growth promotion. An example of the
problems of low-dose exposure has been found in China where
they have one of the highest incidences of human hepatocellular

carcinoma (Yu, 1989;Yu, 1995).

1.1.3 Detection of Cyanotoxins

The detection of MCYST and nodularin can be carried out using a
variety of methods that fall into two categories: bioassay and

physicochemical methods. Quite often the analysis of MCYST
10



and nodularin requires a combination of both, although it
depends on the type of sample to be analysed and the
information required. The bioassays developed for cyanotoxins
utilize the bioactivity of the toxins, like heptotoxicity,
neurotoxicity, cytotoxicity, enzymatic activity and immunological
interactions (Harada et al., 1999). The mouse bioassay
commonly uses male Swiss Albino mice for toxicity testing; an
intraperitoneal injection of 0.1-1.0 ml™* sample of cyanobacterial
cell lysate (prepared in a water or physiological saline solution)
is administered to the mouse. The mice are then observed for
24 hours, and then killed by an approved method and a post-
mortem of the tissue carried out. The results from the post-
mortem and any observed symptoms are used to determine
which cyanotoxins are present. The correct cyanotoxin
identification can be made very difficult in the presence of fast
acting toxins as they can mask the symptoms of other toxins.
The toxicity is usually expressed as LDsg mg cell dry weight per
kg mouse body weight, where a high LDs, means low or no

toxicity and a low LDsg is very toxic (Harada et al., 1999).

The ability of hepatotoxins produced by cyanobacteria to inhibit
protein phosphatase 1 and 2A has been exploited in order to
give an accurate method for determining all hepatotoxins

produced by cyanobacteria (Dow et al., 2000). The inhibition of
11



protein phosphatase enzyme 1 and 2A is assessed by the
release of radiolabelled substrate 3?P-phosphate (Holmes,
1991;Lambert et al., 1994). The process is not only sensitive to
sub-nanogram levels of toxins, but can be used to analyse many
samples in a few hours. It is also possible to use it on a very
wide variety of samples like fresh water, seawater and even
tissue extracts, the only reservation however is, the radio
isotopes require specialised equipment and regulations (Harada
et al., 1999). It is also possible to use a colorimetric protein
phosphatase inhibition assay, in which p-nitrophenol phosphate
or luciferin phosphate is hydrolyzed by protein phosphatase 2A
(Harada et al., 1999). Now more commonly using p-nitrophenol
phosphate this colorimetric method is much safer and dose not
require specialized equipment or staff trained in radioisotope
handling, making it much more suitable for field analysis and

routine monitoring (An et al., 1994)

Cyanotoxins can also be analysed by an enzyme linked
immunoabsorbent assay (ELISA) method, designed to test for
MCYST and nodularin within water samples at a sensitivity of
0.05 ug / L. Polyclonal ELISA test kits are available (Envirologix.
Inc) for testing MCYST; with antibodies fixed in wells of a
microtitre plate. Initially calibrators, a negative control and

samples are bound to the antibodies in the wells, followed by a
12



MCYST-enzyme conjugate that binds to the remaining
antibodies. The plate is then rinsed thoroughly with ultra pure
water and the bound enzyme measured colorimetrically in an
ELISA plate reader, the concentration of MCYST is inversely
proportional to the colour intensity (Harada et al., 1999). In the
past ten years a number of different ELISA methods have been
developed with varying degrees of accuracy and in some cases
poor cross reactivity to the different MCYST variants (Rapala et
al., 2002). The specificity and sensitivity of these tests are
dependent on the ability of the antibodies to recognize all the
MCYST variants. Recent advances in the use of recombinant
antibodies expressed in E.coli has improved their sensitivity,
selectivity and stability (McElhiney et al., 2005). Recombinant
antibodies are also easier to produce and can be tailored to
specific variants, there are five main types of commercially test
kits available; direct and indirect sandwich ELISAs, direct
competitive antigen capture ELISA, or direct and indirect
competitive antibody capture ELISA all available from (Biosense
Laboratories AS, Thormghlensgt. 55 Bergen, N-5008, Norway).

The physicochemical methods generally provide the ability for
rapid screening of large numbers of samples, with excellent
reproducibility although it generally requires significant capital
investment. They also have an advantage over the bioassay

methods, since they can be used for toxin identification and
13



quantitation at low concentrations. The concentration of MCYST
or nodularin can also be analysed using UV spectrophotometery,
although the main chromophore is a conjugated diene in the
Adda residue, N-methyldehydroalanine strongly absorbs at a
wavelength of 238 nm as a result of the a,B-unsaturated
carboxyl group. The unknown concentration of a pure MCYST or
nodularin sample prepared in methanol and blanked against
methanol, can be calculated using Beer’s law A= €/ ¢ where A is
absorbance, € is the molar absorptivity (in older literature it is
sometimes called the extinction coefficient, this molar
absorptivity varies with the wavelength of light used in the
measurement), / is the cell path length and c¢ is the

concentration of solution.

High performance liquid chromatography (HPLC) is a very
common analytical instrument used for the separation of polar,
involatile and thermally sensitive analytes in different
circumstances. The separation of compounds occurs by creation
of distribution equilibria between the solid stationary phase and
liquid mobile phase under high pressure. The eluting sample
components can be detected by using UV detection, photodiode-
array or mass spectrometry.

The methods for the separation of MCYSTs have developed over

many years initially starting with isocratic elution’s, however as
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more MCYSTs have been identified the need for more specialised
methods were required. Research by Lawton et al.,(1994)
provided one of the most used methods to separate MCYSTs,
using a reverse phase C18 silica column with a mobile phase
gradient of water and acetonitrile both containing 0.05%
trifluroacetic acid is employed. Mixing these mobile phases in
different proportions provides a constantly changing range of
polarities, which separates the MCYSTs according to their
polarity, able to be detected at the MCYST characteristic
maximum at 238 nm by UV detection. This provided the ability
for quantitatively analyse and assess purity, although for toxins
with variants containing tryptophan the maximum is at 222 nm.
In situations where sample analysis requires a variable
wavelength then often photodiode array detectors are best
suited, as they can record spectra for each peak from 200-300
nm. Also improvements in detector hardware and spectral
matching software mean they are able to detect very sight
changes in chemical composition, when compared to the
spectral library of standards. The HPLC analysis used in the
separation of MCYSTs is also ideal for nodularin separation, with

only the retention time varying.

In cases where further identification and confirmation is required

the HPLC system is often coupled to a mass spectrometer; this
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enables simultaneous separation and identification of the
MCYSTs within a sample. The mass spectrometer can be altered
in a variety of ways to optimise the ionisation of the compound
and obtain the required spectral information. Fast atom
bombardment (FABMS) and liquid secondary ion (LSIMS) mass
spectrometry are used to obtain the compounds molecular
weight (Kondo et al., 1992). The Frit-FAB LC/MS is used for
separation and identification provided the analytes have
different relative molecular masses (Kondo et al., 1992). For
small samples analysis matrix-assisted laser desorption /
ionisation (MALDI) coupled to a time-of-flight spectrometer
gives molecular mass and the post source decay spectra are

characteristic for different MCYSTs (Erhardt et al., 1997).

The availability of purified standard has been recognized as one
of the major problems for sample analysis, as it makes it more
difficult to identify individual components of a sample. Although
there has been an increase in toxins identified over the past few
years, the availability of highly pure toxins has not significantly

increased in the last eight years.
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1.1.4 Regulation of toxin production

Cyanotoxin production has been studied for many years in batch
and continuous cultures, testing a variety of environmental
factors in order to understand toxin regulation in cyanobacteria.
Culture age in batch cultures and temperature are the
parameters most frequently examined, followed by light,
nutrients, salinity, pH and micronutrient concentrations
(Sivonen, 1996). Studies mainly focused on the hepatotoxic,
Microcystis, Oscillatoria (Planktothrix), Anabaena and Nodularia;
anatoxin-a producing Anabaena, Aphanizomenon  and
Planktothrix; saxitoxin producing Aphanizomenon and Anabaena

circinalis (Sivonen, 1996).

The presence of nitrate and phosphate has been well
documented as important factors in eutrophication of lakes and
also seems to affect toxin production in cyanobacteria.
Watanabe et al., (1985) found that under nitrogen and
phosphorus nutrient deficient conditions, the toxicity (measured
as LDsp in mice) was found to decrease under nutrient limited
conditions. Utkilen et al., (1995) found nitrogen and phosphate
limited conditions showed no effect on toxin production.
However, other investigations into the effects of limited nitrogen

and phosphate have proven to reduce the production of toxins in
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M. aeruginosa, by about 5 fold in limited nitrogen and 4 fold in
limited phosphate conditions (Sivonen et al., 1999). Research
into the effects of nitrogen and phosphorus limited conditions on
toxin production seem to have contradicting results, although it
is very difficult to compare results from other research as toxin
production can be expressed against many factors such as;
biovolume (Orr et al., 1998), per cell (Hesse et al., 2001),
chlorophyll a (Lyck et al., 1996) and biomass (Sivonen,
1990;Utkilen et al., 1995). The most environmentally relevant is
probably biomass as it compares the amount of toxin relative to
a known weight of cells. The effects of available nitrogen on
toxin regulation in cyanobacteria are however only applicable to

species not capable of nitrogen fixing.

The presence of micronutrients (Al, Cd, Cr, Cu, Fe, Mn, Ni, Sn
and Zn) has been tested on the regulation of hepatotoxins in
cyanobacteria. LukaE et al., (1993) studied M. aeruginosa toxins
and found that the presence of metals (Al, Cd, Cr, Cu, Mn, Ni
and Sn) had no effect on growth rate or toxin yield. Only the
presence of Fe and Zn significantly affected the toxin yield,
never inducing a change in toxin production of more than 40%.
The findings by (Utkilen et al., 1995) state that reducing the Fe

concentration decreases toxin production, however these results
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are conflicted by the findings of (LukaE et al., 1993;Lyck et al.,

1996) where decreased Fe increased toxin production.

Toxin production under varying light intensities has produced
many conflicting opinions, as the findings from many authors
are usually not directly comparable, when growth conditions and
detection methods differ. Although while studying increasing
light intensities (Van der Westhuizen et al., 1985;Watanabe et
al., 1985) both observed similar increases in toxin production in
M. aeruginosa. LukaE et al., (1995) found the ratio of toxin to
protein to be independent of light intensity between 40 and 75
microeinsteins (m™ s'). The effect of light intensity is an
important factor in control of peptide toxin production in M.
aeruginosa and changes in this physical factor can uncouple the
production of toxin from general protein synthesis. Therefore,
alteration of light intensity seems to be an excellent tool for
further investigation of the molecular mechanism behind toxin
production (Utkilen et al., 1995). Research has identified that
during photosynthesis plants and algae use energy in the region
of the electromagnetic spectrum from 400 - 700 nm. This range
has been referred to as the photosynthetically active radiation
(PAR) which can be measured in energy units (watt m?) or as
Photosynthetic Photon Flux Density (PPFD) which has units of

quanta (photons) per unit time per unit surface area. Light
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intensity in relation to PPFD is now considered the more
acceptable method of reporting light intensity among plant
scientist, horticulturists, ecologists and environmental scientists.
The units most commonly used are micromoles of quanta per
second per square meter (umol s' m™2) as used in this thesis

(McCree, 1972).

Toxin production varies between strains and species, with their
highest production usually found during optimum growth
conditions. Temperatures of 18-25°C usually produce the most
toxins, although temperature gradients caused 2-3 fold
decreases in toxin content (Sivonen et al., 1999). Increasing the
temperature to 32°C was found to have a significant effect on
growth, but the highest toxicity was found in cells grown at
20°C, temperatures of 28°C and above caused a significant
reduction in toxin by some four fold (Lehtimaki et al., 1994;Van
der Westhuizen et al., 1985;Van der Westhuizen et al.,
1986;Watanabe et al., 1985) all observed similar affects on

toxin production through changes in temperature.

During the growth of cyanobacterial batch cultures the
physiology of cells is constantly changing as a result of changing
nutrient levels in the media from a state of enrichment to

nutrient depletion as time progresses. These physiological
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changes are thought to effect MCYST production and
consequently alter the MCYST content over time. Considerable
research has been carried out to investigate the effect of time in
batch culture growing conditions on the levels of MCYST present.
The results suggest that MCYST content is generally higher when
cultures are in exponential phase and decreases as the cultures
approach stationary phase and declining phases (Van der
Westhuizen et al., 1985;Watanabe et al., 1985). This suggests
that the production of MCYST is a complex process affected by
changes in the cell cycle and availability or consumption of
nutrients. These effects however can only be observed in batch
culture as time and nutrients are not relevant in steady state
continuous cultures. Although steady state cultures are an
experimentally convenient way, to investigate the effect of
various parameters on MCYST production and other nutrient
controlled cellular physiology. Nutrient stresses however are a
common factor in the life cycle of cyanobacteria as changing
seasons not only bring warmer temperatures but also changes in

the nutrient loading in different water bodies.

Throughout all the research into environmental factors effecting
cyanobacterial toxin production, to date no research has been
carried out on the effects of inorganic carbon. The concentration

and speciation of dissolved inorganic carbon in the environment
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is strongly linked to pH through equilibrium reactions between
the species: CO,, H,CO3;, HCO5™ and CO5% (Oliver et al., 2000).
The most important source being CO,, fixed through the pentose
phosphate pathway, but decreases in CO; increases the pH. This
moves the equilibrium in favour of bicarbonate and carbonate,
also able to be utilized by cyanobacteria as a source of inorganic
carbon. Within the cytoplasm of the cell inorganic carbon is
stored as bicarbonate at levels as high as 1000 fold that of the
external concentration, facilitated by the inorganic carbon-
concentrating mechanism (CCM) of cyanobacteria (Kaplan et al.,
1994). Investigations into the role of inorganic carbon have
focused on the main cellular functions and comparisons to those
found in eukaryotic cells. In this investigation one of the aims
was to evaluate the effect changing levels of inorganic carbon
would have on MCYST production, in relation to biomass and

MCYST levels, by HPLC analysis with photodiode array detection.

The pH of many freshwater environments in which cyanobacteria
dominate are often alkaline with a relatively high pH (Dwivedi et
al., 1994;Gerloff et al., 1950). In some species like Anabeana
flos-aquae increases in pH up to pH 10 actually cause an
increase in photosynthetic rate (Shapiro, 1990). The reason
cyanobacteria are able to survive in such high alkaline

environments is due to their ability to maintain an almost
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neutral cytosolic pH (Belkin et al., 1991;Dwivedi et al., 1994).
Cyanobacterial dominance in high pH / low CO3™ has also been
suggested by (Shapiro, 1973) to be possible as they have
superior CO, uptake kinetics compared with other
phytoplankton. While green algae tend to dominate at lower pH
or when the concentrations of bicarbonate are high, thus when
pH does not increase significantly in the summer cyanobacteria
do not tend to dominate the phytoplankton (Shapiro, 1990). The
relationship between pH and Ilow CO, availability on
cyanobacterial dominance in freshwater has been extensively

studied by Shapiro (1990).

1.1.5Biodegradation of MCYST

Naturally occurring MCYST has been documented by (Jones et
al., 1994) to persist in the environment for 9 days before
degradation commenced and studies by Block et al (1992)
discovered that indigenous mixed bacterial populations were
capable of causing biodegradation. Bourne et al., (1996) isolated
a bacterium and later identified it as a new Sphingomonas
species that possessed a novel enzymatic pathway which act on
MCYST-LR one of the most common cyclic peptides produced by
cyanobacteria. The process is mediated by at least three

intracellular hydrolytic enzymes in MCYST degradation (Bourne
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et al., 1996). These were identified by the use of protease
inhibitors; initially hydrolytic cleavage of the parent cyclic
peptide occurs at the Adda-Arg peptide bond by an enzyme that
has been designated microcystinase. The two intermediate
degradation products were also observed to be less active than
the parent cyclic peptide and were much less toxic to mice at
doses up to 250 pg / Kg. The ring opening of MCYST-LR by
bacterial microcystinase effectively renders the compound non-
toxic by reducing its binding ability with the protein phosphatase
target (Bourne et al., 1996).

In contrast (Jones et al., 1994) suggest that a biphasic
degradation occurs with the sequential induction of two separate
bacterial populations. Park et al., (2001) identified a bacterium
Y2 with the capability to degrade MCYST-RR, -YR and LR from a
heterotrophic lake. This Y2 bacterium has also been classified as
a member of the genus Sphingomonas but was later identified
as a hew species or even a hew genus based on its 16S rDNA
sequence. The rate of degradation however is very strongly
dependent on temperature with maximum rates observed at
300°C. Other hepatotoxin degrading bacteria have also be
identified, research by (Singh et al., 2000) discovered a
bacterial strain Alcaligenes odorans that was able to utilize the
pentacyclic triterpenoid, lantana as a sole carbon source.

Although some bacteria have been identified this area of
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research is still very much in its infancy as only a few bacteria
have been identified and in the natural environment the process
may involve a number of different species at crucial stages for
the total destruction of such peptides. Although biodegradation
is a very economical process for dealing with the removal of
MCYST from water bodies, in some circumstances the lack or
absence of such bacteria may result in bioaccumulation.
However, the environmental impact and effect of increasing
MCYST degrading bacterial would have to be considered, prior to
changing the diversity of the naturally occurring microbial
populations. Other water treatment methods would have to be
employed if such introductions could result in deterioration in
the water quality and biodiversity within the water body (i.e.

affecting the zooplankton or fish).

Many cyanobacterial blooms occur in lakes and reservoirs which
are used for dinking water and can result in the release of
cyanotoxins into the water causing major concern for the water
treatment bodies. The WHO has an established guideline for the
level of MCYST-LR in drinking water of 1ug / L maximum
concentration. Many water treatment processes actually increase
MCYST levels through cell lysis, releasing the cytosolic contents
in to the surrounding water and inevitably increase the levels of

MCYST. The removal of such compounds can be costly and
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difficult to achieve in conditions of high water throughput.
Methods such as ozonation, chlorination and photochemicals
(Hrudey et al., 1999) have been used and are constantly being

developed, for the breakdown of unwanted compounds.

1.1.6 Photocatalytic degradation of MCYST

In the past three decades the destruction of pollutants by
titanium dioxide (TiO,) photocatalysis has been investigated, the
process involves the promotion of reactions by a light activated
catalyst not consumed during the reaction. The catalyst is
activated by the illumination and activation of oxidizing species
which initiate the destruction of compounds when in solution.
This process has been well documented as a method for the

destruction of hazardous waste products.

The processes of oxidation and reduction are able to occur in
semiconductors due to their configuration of overlapping
electron orbitals that are closely packed continuous bands.
These bands are separated by an energy gap (Eg) which is
unoccupied by orbitals and defined by the energy difference
between the bottom edge of the conductance band and the top
of the valence band. The conductance band is formed by

unoccupied orbital’s while the valance band is composed of
26



occupied orbital’s and when illuminated by light (hv) of sufficient
energy to bridge the band gap an electron (e") is promoted from
the valance band to the conductance band leaving a positive

hole (h™) in the valance band figure 1.3.
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Figure 1.3

An electron is excited by light from the Valance band to the
conductance band if enough energy is applied to bridge the energy
gap (Eg), where it is capable of reducing species (usually oxygen in
air). Once excited by absorbing a photon hv there remains a positive
charge in valance band capable of oxidizing compounds and in the
case of TiO, this oxidizing power is very high.
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Once the semiconductor has been excited there are three types
of reaction that can occur: the first is a recombination process
when the electron and the hole recombine and produce heat as
the molecule returns to the unexcited state. The second and
third reactions occur when the electron does not return to the
hole in the valance band. The hole is left free to accept electrons
in an oxidation reaction while the electron in the conductance
band can be donated giving rise to a reduction reaction.
Depending on the type of semiconductor the oxidation and
reduction potentials differ and range from 4.1 to -2.3 volts
versus a normal hydrogen electrode (NHE) and are capable of
oxidising or reducing a range of compounds. The required
energy to promote and electron across the Eg can be calculated
in relation to maximum wavelength by the following equation

A = hc / Eg. Where A is the wavelength, h is Plank’s constant; c
is the speed of light and Eg is the band gap energy between the
valance band and the conductance band of the catalyst used.

The choice of catalyst is one of the most important factors and
commonly TiO; is used as it is not prone to photocorrosion. A
process in which the holes left after electron excitation breaks
the bonds between the surface atoms of the material and lead to
the catalyst dissolving. TiO, has been well documented as a
photocatalyst for the destruction of pollutants in water as it is

chemically passive in a wide pH range and it has a band gap of
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3.2 eV and photo excitation occurs with the adsorption of light
close to the ultraviolet wavelength (~380 nm). TiO, photo-
catalysis results in the destruction of compounds by either
reduction or oxidation reactions. Research by (Makowski et al.,
2001;Robertson et al., 1997;Yamashita et al., 2003;Zhang et
al., 2006) have identified that TiO, is capable of degrading a
wide variety of organic and inorganic compounds as well as

bacteria (Zhang et al., 1994).

The mechanisms by which TiO, causes the destruction or
transformation of compounds under UV irradiation has been
extensively investigated, however the photocatalytic
degradation mechanisms and intermediates produced when
reacting with large and complex molecules is still an area of
debate. Although it is thought to that the hydroxyl radicals (OH-)
generated in the valance band via oxidation then cause
oxidation of any pollutant. As for the electron promoted to the
conductance band it is transferred to oxygen to form a
superoxide radical anion (0Oy). Despite gaps in the
understanding of the precise mechanisms which occur, the
oxidation potential of the hydroxyl radicals (2.8 eV) or the
valance band hole (3.1 eV) is considerably greater than that of
treatments such as chlorine (1.36 eV), hydrogen peroxide (1.78

eV) or ozone (2.07 eV) (Cornish, 2000).
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The potential of using semiconductor photocatalysis to
mineralize or remove pollutants has been realized for many
years and has therefore received considerable attention in the
literature. Significant research has been carried out into
understanding the photocatalytic and photooxidizing properties
of TiO, for many reasons. TiO, is capable of absorbing solar
radiation, it is non toxic, operates in mild conditions and is quite
stable in comparison to other semiconductors with the ability to
remain active and is very capable of oxidising a wide range of
both toxic and non toxic compounds. Although TiO, is able to
use solar radiation it is only capable of utilizing about 1% of the
solar spectrum. Therefore recent research has focused on
modifying the semiconductor TiO, so as to improve its ability to
utilize a larger proportion of the solar spectrum, making it more
viable for drinking water treatment processes including the

removal of MCYSTs.

The aims of this thesis can be divided into two key areas. Firstly,
studying the influence of inorganic carbon in the growth of
cyanobacteria with specific focus on the levels of MCYST
produced. As to date it is unclear if elevated inorganic carbon
has any influence on the levels of MCYST produced in relation to
the biomass and other growth factors such as chlorophyll-a and

protein. The levels of MCYSTs have been reported in many ways
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mainly against biomass although cell quantity has been more
recently used in which a ration of MCYST per cell is quoted.
Comparisons have not been reported between the effects on
MCYST levels and protein, chlorophyll-a or cell number directly
for the same data in order to show if certain factors give a more
consistent method for reporting results. Previous research has
suggested that the presence of elevated inorganic carbon
through the addition of sodium bicarbonate caused significant
reductions in the level of MCYSTs produced. Therefore this study
aims to determine if the effects observed by (Graham et al.,
2001) were as a result of the elevated inorganic carbon or as a
result of increased Na® on cultures usually occurring in
freshwater ecosystems. This study also looked at the effect of
increased CO, on levels of MCYST and the potential problems
which could occur in an atmosphere with a higher CO, content
than we have presently. Secondly, studies on the destruction of
MCYST were also undertaken. Initial studies were carried out to
evaluate the natural degradation of a number of MCYST variants
and the related nodularin by a range of waters selected for their
unique history and prior exposure to MCYSTs. In the event of
higher MCYST content in the environment what effect does this
have on naturally occurring bacterial populations are they able

to degrade such compounds or if catalysts are used how can we
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make them more efficient and less expensive to operate in large
scale situations?

Further degradation studies were also performed using a novel
visible light TiO, catalyst to evaluate its potential for further
drinking water applications. Visible light activated TiO, has the
obvious advantages of being able to exploit solar energy, thus
greatly reducing the energy required for removing contaminants

from potable water.
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Chapter 2

Effect of NaHCO3; on MCYST levels produced in
cultures of M.aeruginosa
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2.1 Introduction

The effect of different environmental factors on cyanobacteria
and MCYST levels has been investigated from a number of
perspectives over the years. A considerable proportion of which
has focused on the effect of temperature, light, nutrient
availability and seasonal changes, but the true role of these
factors still remains elusive. These photosynthetic prokaryotes
require three essential components for photosynthesis to occur:
carbon dioxide, water and light, to generate energy by the
process of photosynthesis. This energy is then used to drive all
the major mechanisms required for growth, since the majority of
cyanobacteria populate aqueous environments, water is very
rarely a limiting factor unlike the availability of inorganic carbon
or light. In the presence of increased available inorganic carbon
some cyanobacterial cells can increase the production of gas
vesicles to alter their buoyancy and access more light for
photosynthesis (Klemer et al., 1996). This in turn can result in
an increase in growth rate when nutrients such as nitrogen and
phosphorus are not limited, high levels of available nutrients can
also have a similar effect on cell buoyancy if inorganic carbon or
light are limiting optimal growth (Klemer et al., 1996).

The majority of cyanobacteria have been found to proliferate in

conditions where the pH is between 7.5 and 11 and are usually
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absent from habitats with pH values below 4-5 (Brock, 1973).
Although there is no satisfactory understanding of the molecular
mechanisms favouring this preference for alkaline environments
it should be noted that higher pH favours the formation of
bicarbonate and often photosynthesizers are limited by the
availability of inorganic carbon (Blanco-Rivero et al., 2005).
Krulwich (1995) identified that a wide range of organisms are
able to regulate their internal pH through the use of Na*/H" and
K*/H* antiporters when external pH is unfavourable. The
presence of Na* has also been identified (Krulwich, 1995) as
essential for the uptake of many inorganic nutrients (inorganic
carbon, nitrate and phosphate) but the effect of Na* on MCYST
levels has to date not been fully investigated.

This Chapter aims to further investigate the findings of (Graham
et al., 2001) in which a reduction in MCYST levels was observed,
when cultures were grown in the presence of elevated inorganic
carbon after the addition of sodium bicarbonate (NaHCO3). The
initial studies investigated the effect of different carbonates on
MCYST levels in cultures of M.aeruginosa PCC7820. It also
presents studies which were carried out to determine if the
affect on MCYST levels was a direct result of the elevated
inorganic carbon or as a result of increasing the levels of Na*

ions.
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2.2 Methods

2.2.1 Growth of Cyanobacteria

The cyanobacteria Microcystis aeruginosa PCC7820 (Pasteur
Culture Collection, Paris, France) was grown using BG-II
medium with nitrate levels modified (Stanier et al., 1971) to 8.8
mM (Table 2.1). All cultures were maintained on a regular basis,
with sub culturing every 6 weeks into 250 ml conical flasks
containing 100 ml of BG-II to give a final culture volume of
~120 ml. The cultures were grown in a temperature controlled
room at 25°C with continuous illumination from cool white
fluorescent tubes (36 W) 20 pmol st m™ (Li-Cor intelligent light

meter Li-250).

Table 2.1

Composition of BG-11 plus nitrates growth medium (Stanier et al.,

1971)
NaNO; 0.750g!I?
K,HPO, 0.040glI™
MgS0,4.7H,0 0.075gl?
Na,COs; 0.020g!!
CaCl,.2H,0 0.036gl™
EDTA 0.001gl?
FeS04.7H,0 0.006gl™
Citric Acid 0.006gl?
Trace element Solution * 1mll?
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* Trace element solution

HsBO; 2.680gl!
MnCl,.H,0 1.810gl™
ZnS04.7H,0 0.222gl™
Na,M004.2H,0 0.390gl*?
Cu (NOs),.6H,0 0.079gl™
Co (NOs),.6H,0 0.049¢l™
2.2.2 Static culture bioassay conditions

BG-II medium was prepared (Table 2.1) and the pH was
adjusted to 7.6 using 0.1 M NaOH / HCI prior to filter sterilizing
through a 0.22 uym GP express membrane Millipore filter. The
flasks (containing 50 ml of BG-II medium) were inoculated with
2 ml of M. aeruginosa culture then grown in water baths at 25°C
under continuous illumination from cool white fluorescent tubes
(36 W) delivering 30 pmol s* m™. Four replicates were run for
each condition and the whole culture was removed for sampling

at the required time points.

2.2.3 M. aeruginosa strain PCC7820 growth curve

Analysis of M.aeruginosa PCC7820 rate of growth was carried
out, to determine the time required for cultures post sub-

culturing to reach mid log phase. This was to standardize the
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starting conditions between experiments and eliminate the
possibility of cultures starting from different stages in their
natural growth cycle. In order to do this a stock culture of
M.aeruginosa PCC7820 was sub-cultured into four 250 ml
conical flasks containing 100 ml of BG-II medium to give a final
volume of 120 ml. They were then left to grow as detailed above
(section 2.2.1) at 25°C under continuous illumination of 20 pumol

-1

st m?

. Samples were taken daily with chlorophyll-a analysis
carried out until the culture reached stationary phase and the

results plotted in a graph.

2.2.4 Intracellular processing for MCYST analysis

The amount of intracellular MCYST was calculated by removing a
1 ml aliquot of each sample and placing it into a 1.5 ml micro
centrifuge tube. This was centrifuged at 13000 x g for 10 min
(Centrifuge 5410, Eppendorf) then 800 ul of supernatant was
removed and the sample frozen (overnight). The samples were
brought to room temperature on the open bench, then vortexed
to re suspend the cells, to which 800 nul of 100 % methanol was
added and the samples vortexed until the cells were fully
dispersed in solution. These were left to stand for 1 hour before
centrifuging for 10 minutes at 13000 x g, after centrifuging 100

ul was taken for analysis by HPLC section 2.2.6.
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2.2.5 Procedure for extracellular MCYST analysis

Extracellular toxins form each sample were measured by
collecting the supernatant when removing the biomass as
explained in section 2.2.15 from (15 ml) of culture, this was
then freeze dried (Edwards Modulyo freeze drier fitted with an
Edwards RV 5 pump). The freeze dried sample was resuspended
in 2 x 0.75 ml of 100% methanol and transferred into a 1.5 ml
micro centrifuge tube which was centrifuged for 5 minutes at
13000 x g. A 100 ul sample was removed and analyzed by HPLC

using the conditions stated in section 2.2.6.

2.2.6 HPLC analysis of MCYST

Analysis of MCYST variant MCYST-LR, -LY, -LW, -LF and
nodularin was performed using the method of (Lawton et al.,
1994). High performance liquid chromatography (HPLC) was
carried out using a Waters system consisting of a solvent-
delivery system model 600E coupled to an autosampler model
717 WISP and detection by photodiode-array (PDA) model 996.
Separation of cyanotoxins was carried out using a Waters
symmetry Cig (250 x 4.6 mm, packing size 5 um) and
chromatography manager software (Waters Millennium??).

Mobile phase A: Milli-Q water with 0.05 % trifluoroacetic acid
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(TFA) and mobile phase B: acetonitrile with 0.05 % TFA. The
mobile phases were pumped at a flow rate of 1 ml / min using
the gradient shown in (Table 2.2), with helium sparging at 30 ml
/ min to degas the mobile phase.

Table 2.2

Linear gradient conditions at 1 ml / min for HPLC analysis of MCYST
and Nodularin using Solvents A = Water with 0.05% TFA and B =
Acetonitrile with 0.05% TFA.

Time / min

0 10 40 42 44 46 55

Solvent A % 70 65 30 0 0 70 70

Solvent B % 30 35 70 100 100 30 30

The column was maintained at 40 °C, standards were injected at
25 ul to give 1 ng column loading and 50 ul injections were used
for all samples. The detector was set to acquire data from 200
to 300 nm with resolution of 1.2 nm and the chromatograms
monitored at 238 nm. In each run a diluent and MCYST standard
were run prior to sample analysis in order to check the system
performance. When processing the data the spectra for each
peak, is analyzed against the spectral library of known standards
in order to determine each peak. If the sample spectrum is
similar to that of a standard in the spectral library a match angle

is assigned by the Millenium3? software, the lower this match
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angle the better the spectral match. Retention time of known

MCYST was also used to confirm identity of peaks.

2.2.7 HPLC analysis limits of detection

The limit of detection in the HPLC-PDA was determined using the
method of (Lawton et al., 1994). Purified microcystin-LR was
supplied by Dr L.Lawton (The Robert Gordon University,
Aberdeen). Different concentrations of MCYST-LR were prepared
using a calibrated pipette and 50 pul of each solution was
injected. Each solution gave a different column loading ranging
from 1 ng to 20 nug, to determine the detectable limit at which
acceptable relative standard deviation (RSD) could be achieved.
An injector test of the auto sampler was also performed with a
solution of MCYST-LR 0.2 ug/ml, six repeat injections of 5, 25,
50, 75 and 100 ul was performed. The RSD of all six injections
at each volume must be <2.0 %, the Y intercept must be >0.999
for the range of injection volumes, and failure to meet the

stated criteria shall be explained.

2.2.8 HPLC analysis limits of quantification

Limit of quantification was performed by HPLC analysis using
purified MCYST-LR, this was prepared by taking 10 vials of

MCYST standard (section 2.2.6) and concentrating the contents
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in 2 ml of solvent (80% (aq) methanol). The solvent was added
using calibrated pipettes to a pre-weighed glass vial (4 ml) and
dried on a dry block DB.3 (Techne) at 45°C and sample
concentrator (Techne) under a continuous stream of nitrogen
gas until fully dry then weight recorded. The final weight was
subtracted from the original weight to calculate the exact
amount of MCYST-LR present; this was then suspended in a
solution of 80% methanol 20% water. The stock solution was
diluted in a series of twelve dilution steps, giving concentrations
ranging from 0.02 ng / ul up to 0.4 ug / ul; these were analyzed

in triplicate using HPLC Section 2.2.6.

2.2.9 Effect of carbonates on growth and MCYST
levels in cultures of Microcystis aeruginosa
strain PCC7820

BG-II medium was prepared as per Section 2.2.1 this was then

separated into four (200 ml) aliquots, to three of the aliquots

different bicarbonate salts were added to give a final
concentration of 20 mM of sodium bicarbonate, potassium
bicarbonate and ammonium bicarbonate. The fourth aliquot was
left unaltered and used to prepare experimental controls, the pH
of each solution was then altered using 0.1 M hydrochloric acid

or 0.1 M sodium hydroxide to give each solution a pH of 7.6

(£0.02). These solutions were then filter sterilized through a
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0.22 um GP express membrane filter, each solution was divided
into 25 ml aliquots and added to sterile 50 ml conical flasks
(four replicates were prepared for each condition). The cultures
were then all inoculated with 2 ml of a dense M.aeruginosa
PCC7820 culture and then grown in a water bath at 25 °C under
continuous illumination. The cultures were then tested after 6
weeks of growth to determine the levels of intra- and extra-
cellular MCYSTs. Due to poor survival of cultures grown in the
presence of potassium and ammonium bicarbonate the
experiment was terminated early and repeated later at lower

concentration of bicarbonate salts (10 mM).

2.2.10 Effect of increased sodium ions on growth and
MCYST levels in cultures of M .aeruginosa
strain PCC7820

As a result of the effects observed during the growth of

M.aeruginosa PCC7820 in the presence of sodium bicarbonate

the effect of increased Na® ions was also tested. This was to

determine if changes in growth and MCYST levels were as a

result of increases in the available inorganic carbon or as a

result of increased Na* ions. Therefore BG-II medium was

prepared as per section 2.2.1 then divided into (200 ml) aliquots

prior to the addition of NaCl to give the equivalent level of Na*

ions as would be present in conditions where NaHCO; had been
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added. Since both NaCl and NaHCOs5 contain one Na™ then if the
molarity of a solution is the same then the number of Na* ions
should also be the same. In addition to having two separate
solutions an additional solution of NaCl and NaHCOs was
prepared in which both were added to give a concentration of 10
mM for each and a final concentration of Na® ions equivalent to
that of 20 mM. The solutions were then filter sterilized, each
solution was divided into 25 ml aliquots and added to sterile 50
ml conical flasks (four replicates were prepared for each
condition). The cultures were then inoculated with 2 ml of a
dense M.aeruginosa PCC7820 culture and then grown in a water
bath at 25 °C under continuous illumination. Sampling was
carried out after 5 weeks of growth and the levels of intra /

extracellular MCYST analyzed by HPLC (Section 2.2.4-2.2.6).

2.2.11 The effect of increasing concentrations of
sodium chloride on the growth of M.
aeruginosa strain PCC7820 and MCYST levels

A variety of concentrations of NaCl were prepared in BG-II

medium by first preparing 3 L of BG-II medium as per section

2.2.1 then thirteen 200 ml aliquots were removed, at this stage

one aliquot was set aside for the preparation of controls. The

remaining aliquots were then split into two groups of six, to the

first group of six NaCl was added to give a range of
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concentrations 10, 20, 30, 40, 50 and 75 mM. The four
remaining aliquots in the second group were then modified with
NaHCOs to give a range of concentrations 10, 20, 30, 40, 50 and
75 mM. Then all aliquots were filter sterilized before being
divided into 25 ml aliquots and put into 50 ml conical flasks. The
cultures were then all inoculated with 2 ml of a dense
M.aeruginosa PCC7820 culture and then grown in a water bath
at 25 °C under continuous illumination. Sampling was carried
out after 5 weeks of growth and the levels of intra / extracellular

MCYST analyzed by HPLC (Section 2.2.4-2.2.6).

2.2.12 Effect of increased Na* ions on growth and
MCYST levels in BG-II media in the presence of
NaCl, NaHCO3 and a combination of both.
As a result of the concentrations above 40 mM NaHCOs being
detrimental to the growth of M.aeruginosa PCC7820 in the
experiment above, it was decided to carry out a similar
experiment but with a maximum concentration of 40 mM for
NaCl, NaHCO3; and added together. An additional test was also
carried out to test what effect a combination of both NaCl and
NaHCOs being present at the same time on the growth of
M.aeruginosa PCC7820. BG-II media was prepared as per

section 2.2.1 and divided into (200 ml) aliquots to which the

following concentration ranges (10, 20, 30 and 40 mM) were
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prepared for both NaCl and NaHCOs3 separately. Then one aliquot
was prepared with 10 mM of NaCl and 10 mM NaHCOs to give a
solution with an elevated inorganic carbon level and a doubly
high concentration of Na* ions than has previously been used.
The aliquots were then filter sterilized before being divided into
25 ml aliquots and put into 50 ml conical flasks. Each culture
flask was then inoculated with 2 ml of a dense M.aeruginosa
PCC7820 culture and then grown in a water bath at 25 °C under
continuous illumination. Sampling was carried out after 5 weeks
of growth and the levels of intra / extracellular MCYST analyzed

by HPLC (Section 2.2.4-2.2.6).

2.2.13 Standardization of static culture bioassay
starting conditions

BG-II media was prepared (Table 2.1) and the pH was adjusted
to 7.6 using 0.1 M NaOH / HCI prior to filter sterilization. The
media was then inoculated with log phase cells to a density of
~1.5 million cells / ml, the freshly inoculated media was then
divided into 20 ml aliquots and put into sterile 50 ml conical
flasks. The cultures were then grown in water baths at 25°C
under continuous illumination from cool white fluorescent tubes

(36 W) delivering 20 pmol s* m-2. Four replicates were run for
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each condition and the whole culture was removed for biomass,

intra- and extra-cellular analysis at the required time points.

2.2.14 Effect on growth and MCYST levels of buffering
BG-II medium

BG-II medium was prepared as per (Table 2.1), this was then
separated into three (600 ml) aliquots, TES (N-Tris
(hydroxymethyl) methyl-2-aminoethane sulfonic acid, Sigma,
Aldrich) buffer or HEPES (N-cyclohexyl-2-aminoethane sulfonic
acid, Sigma, Aldrich) buffer was added to two of the aliquots to
produce BG-II with 20 mM buffer. Sodium bicarbonate was then
added to one of the aliquots to produce a solution of 20 mM
sodium bicarbonate. The pH of each solution was altered using
0.1 M hydrochloric acid or 0.1 M sodium hydroxide to give a
solution at pH 7.6 (£ 0.02), the three aliquots of media were
then filter sterilized. The media was then inoculated with log
phase cells to a density of ~1.5 million cells ml?, the freshly
inoculated media was then divided into 20 ml aliquots and put
into sterile 50 ml conical flasks. The cultures were grown in
three conditions: control (BG-II only), BG-II with 20 mM HEPES
and BG-II with 20 mM HEPES + 20 mM sodium bicarbonate,
each test was carried out in quadruplicate. The cultures were

grown under the conditions stated in section 2.2.2 then at the
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required time points: pH, biomass, cell counts, chlorophyll a,

protein, intra and extracellular analysis carried out.

2.2.15 Biomass determination

To determine the cell biomass for each condition, 15 ml of
sample was removed and filtered under vacuum through a pre-
weighed GF/C (Watman Ltd., Kent, England) filter (1.2 pm pore
size). The GF/C filter was put into a Petri dish and dried at 70 °C
in an oven overnight. The filters were removed and left to reach
ambient temperature before weighing; the initial filter weight
was then subtracted from the final weight to give the weight of
biomass per 15 ml of sample. The biomass was then converted
to mg / ml of culture and used to calculate toxin amounts

relative to the cell biomass.

2.2.16 Chlorophyll-a

The amount of Chlorophyll-a present within the controls and
sample cultures was measured by removing 1 ml of culture and
putting it into a 1.5 ml microcentrifuge tube. These were then
centrifuged for 10 min at 13000 x g, after which 800 pl of
supernatant was removed. Then 800 pl of 100 % methanol was
added, vortexed and left for 1 hour to extract the chlorophyll-a
from the cells. The samples were then centrifuged for 10 min
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and the absorbance of the solution taken at 665 nm. The results
were then converted into pg / ml chlorophyll-a (Murphy et al.,
2005).

13.0x Axv

Chlorophyll a /ml) =
phyll a (ug / ml) Y,

Where absorption at 665nm
solvent in ml
initial filtered sample volume in L

cell path length in cm pg / mi

A
A%
V
d
2.2.17 Cell counts

Cell counts were carried out by removing 1 ml of sample from
which 100 pl was taken and diluted in 5 ml of cell counting
Sysmex diluent. The sample was then counted using a Sysmex
F-520P a semi-automated sample measurement unit coupled to
a particle size distribution analyzer Sysmex PDA 500AD (Malvern
Instruments LtD. Worcestershire),in order to gain not only the
number of cells present but also the size distribution. The F-
520P removes 500 pl of diluted sample (cells) through a 100 pm
orifice in the transducer and the particle sizes are detected. A
distribution graph of the particle sizes is displayed with cell
counts / ml and the proportion of over counting which should be
<20 cells / ml. Any samples with over counts >20 cells / ml had

the analysis repeated to verify the results.
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2.2.18 Protein analysis

The level of intracellular protein in samples was analyzed using
the Lowery assay method, which is a reliable method for protein
quantification with little variation among different proteins. The
sensitivity of this method is from 5 to 100 ug / ml (Lowry et al.,
1951). A 1 ml sample of culture was removed and centrifuged at
13000 x g (Centrifuge 5410, Eppendorf) then 800 pl of
supernatant was removed and the sample frozen (overnight).
The samples were removed from the freezer and then freeze
dried, before being reconstituted in 500 ul of Milli- Q water.
They were then vortexed for ~1 min and left to stand for 1 hour
before 10 min of centrifugation (13000 x g). Standards were
then prepared using 10 pg of bovine serum albumin in 10 ml of
distilled water to give a stock solution of 1 pg / ml protein.
This was used to prepare a series of standard dilutions to create
a calibration graph and quantify the amount of protein present
within each sample. The following solutions were prepared for
the Lowery analysis.

e Solution A:- Cupric sulphate pentahydrate with Tri sodium

citrate added to 1 L of distilled water.
e Solution B:- Sodium carbonate and sodium hydroxide
added to 1 L of distilled water.

e Solution C:- Mixture of solutions A and B in a ratio of 1:50.
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e Solution D:- Folin-Ciocalteu phenol reagent diluted at a
ratio of 50:50 with distilled water.

The assay was carried out by taking 125 ul of sample or
standard and placing in a 1.5 ml micro centrifuge tube to which
625 pl of solution C was added. The solutions were mixed by
vortexing for a few seconds before allowing too stand at room
temp for 5-10 min, then 63 pl of solution D was added and the
sample vortexed again. After which the sample was placed in
the dark for 20-30 min to develop before their absorbances were
read at 650 nm. The standard curve was then used to quantify
the amount of protein in each sample if the R? value was

>0.999.

2.2.19 Standardization of experimental inoculation

BG-II media was prepared as per Table 2.1, this was then
separated into four (600 ml) aliquots, and to two of the aliquots
sodium bicarbonate was added to produce solutions of 10 mM,
20 mM and 30 mM sodium bicarbonate. The pH of each solution
was altered using 1 M hydrochloric acid or 1 M sodium hydroxide
to give a solution at pH 7.6 (£ 0.02), the four aliquots of media
were then filter sterilized. The media was then inoculated with
log phase cells to a density of ~1.5 million cells / ml, the freshly

inoculated media was then divided into 20 ml aliquots and put

51



into sterile 50 ml conical flasks. The cultures were grown in four
conditions control (BG-II only); BG-II with 10 mM sodium
bicarbonate, BG-II with 20 mM sodium bicarbonate and BG-II
with 30 mM sodium bicarbonate all had four replicates. They
were grown under the conditions stated in section 2.2.2 and

analyzed at the required time points.
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2.3 Results and discussion

2.3.1 Effect of different bicarbonates on growth in
cultures of M. aeruginosa strain PCC7820

Previously (Graham et al., 2001) reported that the presence of
elevated inorganic carbon through the addition of NaHCOs had
profound effects on the level of MCYST after 6 weeks of growth.
Their research however did not determine if the reductions in
MCYST levels were as a result of the elevated inorganic carbon
or sodium ions. Therefore initial investigations to determine
which of these components were causing this effect were
investigated through the use of different types of bicarbonates.
Using this approach the levels of inorganic carbon were
increased without affecting the levels of Na* ions present. The
experiments were carried out (Section 2.2.8) using three types
of bicarbonate, NaHCO3, KHCO3, and NH3HCOs. Only the controls
and NaHCOs; cultures grew, in both the KHCO3, and NH3HCOs3 cell
death occurred. The cause of cell death in the KHCO;3
supplemented medium may be due to evidence presented by
(Parker et al., 1997) where they report that potassium ions
strongly inhibit growth of Microcystis. The presence of increased
ammonium in media is also well documented as inhibitory to

many micro-organisms.
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2.3.2 Effect of elevated Na* ions on culture growth and
on the levels of MCYST produced.

The effect of sodium chloride (NaCl) and sodium bicarbonate
(NaHCO3) on intracellular levels of MCYST in cultures of M.
aeruginosa species PCC7820 after five weeks of growth were
investigated (Table 2.3) and compared to controls. The presence
of either 10 mM NaCl or 10 mM NaHCOs increased biomass by
16% and 54%, respectively compared to control cultures and
with an SD of 0.07 was more consistent than the controls with
an SD of 0.22. Using the ANOVA one way test a p value of
0.00998 (p<0.01) and statistically indicated a direct relationship
between NaCl and growth in M.aeruginosa PCC7820. A
significant difference (p<0.05) between the control and the NaCl
10 mM condition but not a significant difference between the
control and NaHCO3 at 10 mM was observed. This was different
from the research by (Liu, 2006) who found an indirect
relationship between salinity and growth in cultures of
M.aeruginosa UTEX 2385. However research (Parker et al.,
1997) using sodium salts also found a significant difference
when microcystis spp. were grown in the presence of 20 mM
NaHCOs. Likewise they also observed that NaCl enhanced
growth when applied at 30 mM, while they did not directly
compare the effects of NaHCOs; and NaCl it was observed that

enhanced growth was only apparent in the NaCl treated cultures
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after 10 days growth. In the present study increases in the
biomass (mg) of dry weights were observed in both NaHCO; and

NaCl although readings were only made after 5 weeks of

treatment.
mg of biomass / ml of culture
Condition Mean + S.D
Control 0.84 0.22
NaCl 10 mM 0.97 0.03
NaHCO; 10 mM 1.29 0.07

Table 2.3
Biomass weights for cultures of M.aeruginosa PCC7820 grown in the
presence of NaHCO3; and NaCl at concentrations ranging from 10 mM.

The yield of intracellular MCYST-LR when calculated in relation
to the dry weights of biomass (Figure 2.1) was found to be
enhanced (increased by 22%) in the NaCl treated -cells.
However, such an increase was not observed in the cultures
treated with NaHCOs3, but these exhibited a similar trend to
previous results reported by (Graham et al., 2001) where the
presence of 10 mM NaHCO; appeared to suppress MCYST vyield
and a decrease of over 20% was reported, although in this
experiment the decrease was much smaller at a 7% decrease.

In order to fully determine if MCYST levels were being
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suppressed through the addition of NaHCO; it was also vital to
examine the extracellular proportion as any intracellular
reduction may have been as a result of export or cellular

leakage.

2.2 —

2.0 — T

1.8 -

1.6

1.4 4

1.2 4

1.0

0.8 —

0.6

0.4 H

ug of MCYST-LR / mg dry weight of biomass

0.2 —

0.0 T T T
Control NaCl10 mM NaHC0310 mM

Figure 2.1

Effect on intracellular MCYST-LR quantity in M. aeruginosa PCC7820
when increased Na* ions are present by the addition of NaCl, or
NaHCO; both at 10 mM &.
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Although Na®™ is an essential ion for most cyanobacteria
especially during growth in elevated pH environments it is an
essential component in the uptake of several nutrients
(inorganic carbon, nitrate, phosphate) and for photosynthetic
electron transport (Blanco-Rivero et al., 2005). However high
concentrations of Na* can cause cell stress and many species of
freshwater cyanobacteria are unable to grow in high saline
environments. MCYST are mainly found intracellularly and are
not usually released into the surrounding media (Jones et al.,
1994;0rr et al., 2004) unless cell lysis occurs. However, results
by (Orr et al., 2004) observed a significant decrease in
intracellular MCYST concentration in the presence of 21.2 g/ L
(365.5 mM) NaCl and a significant increase in the proportion of
extracellular MCYST. In our study (Table 2.4) relatively little
extracellular MCYST was detected in the elevated NaCl but the
concentration of NaCl was substantially lower than in the study
by (Orr et al., 2004). However it was observed that 28% of the
total MCYST was detected in the media in cells grown in the
presence of NaHCOs. In comparison only 3 and 4% was detected
in the media of the control and 10 mM NaCl condition

respectively (Table 2.4).
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Intracellular Extracellular Total
Condition 9 ug / mi o hg / ml pug / ml
(0] (o]
of culture of culture | of culture
Control 97 1.31 3 0.04 1.35
NaCl 10 mM 96 1.91 4 0.07 1.98
NaHCOs; 10 mM 72 1.91 28 0.73 2.64

Table 2.4
Comparison of the intra and extracellular portions of MCYST-LR in the
presence of elevated Na* ions with either CI" or HCO'; present.

These results would support the idea that the effect on
extracellular MCYST levels observed with elevated NaHCO3 was
not as a result of increased Na®. While few other published
reports have studied the effect of Na* on MCYST more detailed
research has focused on the brackish water cyanobacteria
Nodularia which produces the related toxin nodularin. As might
be expected for a brackish organism growth would be lowest
when no Na® was added and increased at the higher
concentrations. Furthermore (Blackburn et al., 1996) observed
that as salinity increased toxin concentration decreased, which is
in contrast to the findings here where elevated Na* appeared to
actually increased intra-MCYST levels (Figure 2.1 and table 2.4).
Studies using a range of strains of N. spumigenia isolated from
the Baltic Sea demonstrated a link between Na* and toxin levels
although the differences were much more profound in one

specific strain BY1l. The growth of cyanobacteria in increased

Na® may be related to their ability to adjust respiration and
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regulate the intake or efflux of Na* to enhance cyclic electron
transfer via photosystem-I and organic osmolytic compound
production (Moisander et al., 2002). Other researchers (Paerl et
al., 1983;Sellner et al., 1988) indicated that high salinities are
inhibitory for growth and CO, fixation of the non-N,-fixing, toxic,
unicellular MCYST M. aeruginosa. Active ion export and
expression of stress proteins or other salt acclimation
mechanisms present in cyanobacteria can result in reduced cell
growth. These metabolic responses to salt stress usually result
in reduce growth rates and complete growth inhibition can occur
in some species. Research in eukaryotic algae and cyanobacteria
has shown salt stress to be a major cause of increased light
sensitivity and even photoinhibition (Moisander et al., 2002).
Verspargen et al., (2006) over a four year study into seasonal
blooms found significant growth inhibition, as salinity increased
and almost complete inhibition at concentrations of 12 g / L
(205 mM) (Verspargen et al., 2006). Lehtimaki et al,. (1994)
reported that intra-cellular toxicity was not affected by an
increase in salinity between 51 to 188 mM, but instead
suggested that the levels of extracellular toxin were increased.
This type of relationship was however not observed in this study
as increased levels of extracellular MCYST were not detected in
any of the cultures even when subjected to concentrations of 75

mM NaCl (Table 2.6). Also in cultures grown in the presence of
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both NaCl and NaHCOs together as high as (30 mM) no
significant change in extracellular MCYST was observed see

Table 2.12 in results Section of 2.3.5 later.

2.3.3 Effect of different concentrations of NaCl and
NaHCOs; on MCYST levels

As a result of the observations from the previous experiment a
more detailed investigation into how NaCl and NaHCOs affects
the levels of MCYST in cultures of M. aeruginosa PCC7820 over a
period of 5 weeks was studied. NaCl and NaHCO3; were tested at
concentrations of 10 mM to 75 mM, with biomass and HPLC
analysis of intra and extracellular quantities determined for
MCYST-LR. The effect on biomass (Table 2.5) indicates that
growth of M. aeruginosa PCC7820 is halted by the presence of
40 mM NaHCOs; and greater concentrations. Also as the
concentration increases from 10 - 30 mM a small biomass
decrease was observed in comparison to the controls. Increasing
levels of NaCl however did not affect the biomass in the same
way as observed in the NaHCOs; cultures. The biomass from NaCl
(10 - 50 mM) cultures was either higher or equivalent to the
levels observed in the controls, a reduction in biomass was only

observed at the highest concentration of 75 mM.
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Biomass Intracellular MCYST-LR
Condition Megfncm?u/reml +S.D o#git/)nTagss ¥
Control 1.25 0.29 2.80 -
NaHCO; 10 mM 1.15 0.08 2.07 -26
NaHCO; 20 mM 0.99 0.06 1.12 -60
NaHCO; 30 mM 1.01 0.09 0.72 -74
NaHCO3; 40 mM N/G N/G N/G N/G
NaHCO; 50 mM N/G N/G N/G N/G
NaHCO3; 75 mM N/G N/G N/G N/G
NaCl 10 mM 1.33 0.14 2.08 -26
NaCl 20 mM 1.38 0.05 1.58 -43
NaCl 30 mM 1.13 0.12 1.70 -39
NaCl 40 mM 1.30 0.15 1.21 -57
NaCl 50 mM 1.10 0.18 1.42 -49
NaCl 75 mM 0.89 0.14 0.39 -86
Table 2.5

Biomass weights and MCYST-LR levels for cultures of M.aeruginosa
PCC7820 grown for 5 weeks in the presence of NaHCO; and NaCl at
concentrations ranging from 10 mM to 75 mM (N/G = No Growth,
+S.D = standard deviation, n = 4).* Percent variation when compared
to control.

Analysis of intracellular MCYST-LR in the elevated NaHCOs;
indicated a decreasing trend when the MCYST levels were
expressed in relation to the biomass weights (Table 2.5 and
Figure 2.2). Initially there was a 26% decrease in MCYST-LR
cultures treated with 10 mM NaHCOs, 60% decrease for 20 mM

and 74% for those treated with 30 mM. While in the cultures of
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NaCl the level of MCYST detected were also reduced with the
concentration at 10 mM conditions caused a 26% reduction and
20-50 mM conditions had reductions within a range of 40 - 57%.
The presence of 75 mM NaCl caused the highest reduction with
some 86% reduction occurring, probably due to poor growth and

cellular stress caused by the Na™ ions.
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Figure 2.2

The effect on cultures of M.aeruginosa PCC7820 MCYST-LR levels
when subjected to increasing concentrations (A) NaHCOs; and (B)
NacCl.
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MCYST levels reported (Table 2.6) show that the levels of
MCYST-LR as the concentrations of NaHCO3z and NaCl increase
the percentage of extracellular MCYST detected decreases, with
the lowest extracellular levels found at the highest
concentrations. It was also apparent when comparing the total
MCYST ug / ml, that the presence of NaHCO; and NaCl caused a
reduction in the level of MCYST. It is also apparent that the total
MCYST-LR (pug / ml) in the controls was higher than that
observed in either of the cultures supplemented with NaCl or
NaHCOs. This experiment was prior to standardization of inocula
and although cultures were all inoculated from a batch culture
the inoculation was by volume of culture and not on cell density.
Also the age of the culture had not been set to avoid using cells
out with the mid log phase to reduce lag time after inoculation
and reduce the possibility of cells being at different stages in the
cell cycle. It is well documented that stationary phase cells
contain higher levels of MCYST than those in lag or log phase,
since less energy is being expended on growth and many cells

are more fragile with a tendency to leak easier.
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Condition Intracellular Extracellular Total

% Mg / ml % pg / ml pug / ml

Control 60 3.41 40 2.27 5.68
NaHCO; 10 mM 48 2.39 52 2.60 4.99
NaHCO; 20 mM 71 1.11 29 0.45 1.56
NaHCO; 30 mM 86 0.73 14 0.12 0.85
NaHCO; 40 mM N/G N/G N/G N/G N/G
NaHCO; 50 mM N/G N/G N/G N/G N/G
NaHCO; 75 mM N/G N/G N/G N/G N/G
NaCl 10 mM 57 2.74 43 2.06 4.80
NaCl 20 mM 56 2.17 44 1.74 3.91
NaCl 30 mM 78 1.90 22 0.54 2.44
NaCl 40 mM 92 1.60 8 0.14 1.75
NaCl 50 mM 96 1.52 4 0.06 1.58
NaCl 75 mM 96 0.36 N/D 0.01 0.37

Table 2.6

Percent of intracellular and extracellular MCYST-LR levels for cultures
of M.aeruginosa PCC7820 grown for 5 weeks in the presence of
NaHCOs; and NaCl at concentrations ranging from 10 mM to 75 mM (n
= 4, % mean in parenthesis, N/D = Not Detected).

The pH of the media after 5 weeks of growth had increased in
both the NaHCO; and NaCl conditions, to varying degrees Table
2.7. Generally thought the pH in cultures subjected to different
concentrations of NaHCO3; showed an increase in pH from 7.60
to an average of 9.43. After the 5 weeks of growth in the

presence of increased NaCl however the final pH was lower than
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in the control cultures with an average pH of 8.67, a decrease of

0.53. This may possibly restrict the nature in which MCYST-LR

can be exported from within the cell, as the lowest pH was

observed in the 75 mM condition which also had the lowest

extracellular proportion. However further research is required to

investigate this hypothesis, as it may be just a coincidence and

the process is actually controlled by other mechanisms.

pH at start pH at End Difference
Control 7.50 9.21 1.71
NaHCO; 10mM 7.71 9.36 1.65
NaHCO; 20mM 7.68 9.41 1.73
NaHCO5; 30mM 7.65 9.47 1.82
NaHCO; 40mM 7.68 9.48 1.80
NaCl 10mM 7.65 9.02 1.37
NaCl 20mM 7.63 8.93 1.30
NaCl 30mM 7.63 8.84 1.21
NaCl 40mM 7.68 8.67 0.99
NaCl 50mM 7.74 8.63 0.89
NaCl 75mM 7.75 7.98 0.23
Table 2.7

Comparison of the pH at the start and end on the experiment for
cultures on M.aeruginosa PCC7820 grown in the BG-II media with a
range of concentrations of both NaHCO5; and NaCl.
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2.3.4 Effect of combining NaHCO3; and NaCl on MCYST
levels

As a result of the previous experiments in which the effect of
NaCl and NaHCOs; had been tested separately at various
concentrations, it was decided to test the effect of combining the
two. In an attempt to see what effect increased Na* ions would
have when both the CI" and HCO3;™ were also present at levels
previously tested separately. A culture containing a combination
of both NaCl (10mM) and NaHCOs (10mM) was prepared to give
a Na™ ion level equivalent to that of 20 mM. This was compared
to a range of individual NaCl and NaHCOs concentrations (10 -
40 mM) grown under the same conditions. The effect each
condition had on the biomass (Table 2.6) shows an increased
level of biomass in cultures subjected to both NaCl and NaHCOs;
combined in comparison to the control and those tested with

either NaCl or NaHCOs alone.
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Biomass Intracellular MCYST-LR
Condition Mean mg /mlof | | < Hg / mg of o *
culture biomass
Control 1.21 0.13 2.16 -

NaHCO; 10 mM 1.10 0.08 1.91 -11.5
NaHCO; 20 mM 1.14 0.10 2.31 +7.2
NaHCO; 30 mM 0.74 0.05 1.64 -24.1
NaHCO; 40 mM N/G N/G N/G N/G

NaCl 10 mM 1.08 0.10 2.74 +26.8

NaCl 20 mM 1.02 0.15 2.73 +26.6

NaCl 30 mM 1.06 0.17 2.26 +4.9

NaCl 40 mM 0.96 0.05 1.98 -8.2
ﬁ?ﬁ'céffgm 1.38 0.08 1.74 -19.5

Table 2.8

Biomass weights for cultures of M.aeruginosa PCC7820 cultures tested
over a variety of concentrations subjected to both NaCl + NaHCO;,
NaHCOs; and NaCl at concentrations ranging from 10 mM to 40mM mM
(N/G = No Growth, £S.D = standard deviation, n = 4).* Percent
variation when compared to control.

The levels of MCYST were calculated against the dry weight of
cells (Figure 2.3) in the presence of NaHCOs at 10 - 30 mM and
the level of MCYST fluctuated but no specific trend was
observed. There can be no obvious reason why this is not
comparable to the reduction trend observed in the previous
experiment although it may highlight the importance of
standardizing inoculation conditions as was adopted in later

experiments. Also at 40 mM only one of the four replicates grew
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and therefore the data was not included. In the presence of NaCl
however an increase was observed in the 10 - 20 mM conditions
but at a higher level of 30 - 40 mM a gradual decrease was
observed. In the presence of both NaCl and NaHCOs; the
intracellular level of MCYST was 20% lower than the control
level and when compared to the 10 mM levels of NaCl and
NaHCOs separately where there was a 27% increase and an
11% decrease respectively. This suggests that the presence of
increased inorganic carbon is the cause of the reduction in
intracellular MCYST and not the presence of increased Na* ions.
As for the levels of extracellular MCYST (Table 2.9) the presence
of NaHCO; at the lowest concentration was identical to the
control but as the concentration increased the percentage of
extracellular MCYST also increased. A similar trend was not
however observed in the presence of NaCl as no extracellular
toxin was detected or the levels were below the limits of
detection. Interestingly these results demonstrate that in the
presence of both NaCl and NaHCOs; it might be expected that
higher Na* content causes a lower extracellular MCYST level.
Instead, over 80% of extracellularly MCYST was detected which
can only be as a result of a combined effect because neither of

the two 20 mM conditions show this type of behaviour.
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Figure 2.3

The effect on cultures of M.aeruginosa PCC7820 MCYST-LR levels
when subjected to increasing concentrations (A) NaHCO; and (B) NaCl
and Mixture (combination of both10 mM of NaCl and 10 mM NaHCO;).
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Intracellular Extracellular Total
Condition
% Mg / ml % Mg / mi Mg / mi
Control 77 2.60 23 0.77 3.37
NaHCO5; 10 mM 77 2.10 23 0.63 2.37
NaHCO; 20 mM 4 2.65 96 0.12 2.77
NaHCO;5; 30 mM 100 1.15 N/D N/D 1.15
NaHCO;5; 40 mM N/G N/G N/G N/G N/G
NaCl 10 mM 100 2.93 N/D N/D 2.93
NaCl 20 mM 100 2.74 N/D N/D 2.74
NaCl 30 mM 100 2.40 N/D N/D 2.40
NaCl 40 mM 100 1.91 N/D N/D 1.91
l\'l\':‘:(':ég o 16 2.39 84 0.46 2.85

Table 2.9

Percent of intracellular and extracellular toxin for MCYST-LR levels
identified in cultures tested over a variety of concentrations although
extracellular MCYST-LR was only found in two of the NaHCOs;
conditions and in the condition subjected to both NaCl + NaHCO; ((n =
4, % = %mean in parenthesis, N/D = Not Detected and N/G = No
growth).

The pH at the end of the experiment was tested (Table 2.10)
and in all the conditions an increase was observed from the
starting pH of 7.60, with the NaCl conditions pH being slightly
higher than the control at 3.5% higher. A much higher percent
increase was observed however in the presence of NaHCO; and

NaCl with NaHCOs with an increase of 8.7% and 7.0%
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respectively suggesting the higher pH may be associated with an

increase in extracellular MCYST.

pH

Condition
Mean +S.D
Control 8.55 0.16
NaHCO; 10mM 9.10 0.02
NaHCO; 20mM 9.14 0.06
NaHCO; 30mM 9.45 0.02
NaHCO; 40mM 9.47 0.00
NaCl 10mM 8.95 0.04
NaCl 20mM 8.90 0.04
NaCl 30mM 8.79 0.04
NaCl 40mM 8.75 0.03
NaCl+NaHCO5; 10mM 9.15 0.07

Table 2.10
Comparison between the experimental conditions pH at the end of the
experiment. (£S.D = Standard deviation)

2.3.5 Detailed investigation into the effect of increased
Na* in the presence of elevated inorganic carbon

As a result of the previous experiment where poor growth was
observed in the 40 mM NaHCOs condition it was decided to
reduce the concentrations being tested and increase the range
for the condition containing both NaCl and NaHCOs;. Three
conditions were tested at five different concentrations 2, 5, 10,

20 and 30 mM, their biomass weights were taken (Table 2.11)
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with very little difference observed between the three
conditions. Only in the presence of NaHCO; at 20 mM was a
large reduction in weight observed but this may be due to poor
growth as the 30 mM NaHCOs; condition did not grow as in

previous experiments (unexplainable culture death).

Biomass Intracellular
Condition MCYST-LR
Mean mg / £S.D | pg/ mg %"
ml

Control 1.38 0.07 1.31 -
NaHCO; 2 mM 1.33 0.08 1.42 8.7
NaHCO; 5 mM 1.35 0.02 1.52 16.4
NaHCO5; 10 mM 1.30 0.07 1.51 15.7
NaHCO5; 20 mM 0.83 0.11 0.84 -35.6
NaHCO; 30 mM N/G N/G N/G N/G
NaCl 2 mM 1.31 0.10 1.65 26.3

NaCl 5 mM 1.22 0.25 1.81 38.5

NaCl 10 mM 1.40 0.10 1.57 19.9

NaCl 20 mM 1.37 0.11 1.65 26.6

NaCl 30 mM 1.28 0.02 2.07 58.1

NaCl + NaHCO; 2 mM 1.30 0.17 1.73 32.2
NaCl + NaHCO; 5 mM 1.51 0.09 1.34 2.2
NaCl + NaHCO; 10 mM 1.25 0.11 1.57 20.0
NaCl + NaHCO3; 20 mM 1.21 0.04 1.42 8.5
NaCl + NaHCO3; 30 mM 1.18 0.07 1.64 25.4

Table 2.11

Biomass weights for cultures of M.aeruginosa PCC7820 cultures tested
over a variety of concentrations subjected to both; NaCl + NaHCOs;,
NaHCOs; and NaCl at concentrations ranging from 2 mM to 30 mM.
(N/G = No Growth, +S.D = standard deviation, n = 4). * Percent
variation when compared to controls.
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Intracellular MCYST analysis was carried out (Figure 2.4) with
the results calculated as pg of MCYST-LR / mg dry weight and in
the presence of increased inorganic carbon through the addition
of NaHCO; there was only a slight increase in the level of
MCYST-LR detected after 6 weeks of growth. In the presence of
NaCl however the intracellular level of MCYST increased
gradually from 2 to 5 mM but a linear increase was not observed
for the 10 and 20 mM although they were still higher than the
control but the highest increase was observed in the presence of
30 mM NaCl. The main purpose of this experiment however was
to determine what effect the presence of NaCl and NaHCOs;
together would have on MCYST levels as in the previous
experiment there was less intracellular MCYST in comparison to
the control. A similar reduction was not observed in this
experiment though and increasing the concentration did not
follow any specific trend i.e. increasing or decreasing as the

concentration increases.
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Figure 2.4

The effect on cultures of M.aeruginosa PCC7820 MCYST-LR levels
when subjected to increasing concentrations (A) NaHCOs;, (B) NacCl
and (C) a combination of NaCl +NaHCO; in equal portions over a
period of 6 weeks.

The extracellular MCYST results (Table 2.12) were also very
interesting, but did not follow the same pattern as seen in the
previous experiment where as the concentration of NaHCOs
increased the levels of extracellular MCYST increased. As in this
experiment increasing the concentration did not affect the

extracellular proportion and no extracellular MCYST was able to
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be detected. Increasing levels of NaCl resulted in no
extracellular MCYST being detected similar to the findings in the
previous experiment, but much lower levels of extracellular
MCYST were detected in the condition subjected to both NacCl
and NaHCO3; when compared to those detected in the previous

experiment at 10 mM of the combined condition.
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Intracellular Extracellular Total
Condition

% Mg / ml % Mg / ml Mg / ml

Control 100 1.80 N/D N/D 1.80
NaHCO; 2 mM 100 1.89 N/D N/D 1.89
NaHCO; 5 mM 100 2.06 N/D N/D 2.06
NaHCOs; 10 mM 100 1.96 N/D N/D 1.96
NaHCO; 20 mM 100 0.69 N/D N/D 0.69
NaHCO; 30mM N/G N/G N/G N/G N/G
NaCl 2 mM 88 2.15 12 0.30 2.45

NaCl 5 mM 93 2.13 7 0.17 2.30

NaCl 10 mM 100 2.18 N/D N/D 2.18
NaCl 20 mM 100 2.24 N/D N/D 2.24
NaCl 30 mM 100 2.65 N/D N/D 2.65
NaCl+NaHCO; 2 mM 84 2.22 16 0.42 2.64
NaCl+NaHCO; 5 mM 100 2.01 N/D N/D 2.01
NaCl+NaHCO; 10 mM 83 1.95 17 0.39 2.34
NaCl+NaHCO; 20 mM 83 1.72 17 0.36 2.08
NaCl+NaHCO5; 30 mM 100 1.93 N/D N/D 1.93

Table 2.12

Effect of NaCl, NaHCOs and NaCl + NaHCOs on the levels of MCYST-LR
both intracellularly and extracellularly shown as a percentage (n = 4,
% mean in parenthesis, N/D = not detected, N/G = no growth).

2.3.6 Effect of NaCl, NaHCOs; and combinations of these

from 2 - 30mM on MCYST levels

In the previous experiment no extracellular MCYST was detected

in the control and NaHCO3 conditions, which is unusual as in all

previous experiments MCYST were detected under
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conditions. It was also noted that in the combined tests that
extracellular MCYST was detected in some and not in others as
might be expected. Also in the highest concentration of NaHCO3
no grow was observed and therefore it was decided to repeat
the experiment to verify the results obtained in section 2.3.5.

The effect of increased Na™ ions on MCYST levels in cultures of
M. aeruginosa PCC7820 were tested by growing in media
containing both NaCl and NaHCOs; together; these were then
compared to cultures grown in the presence of either NaCl or
NaHCOs. The effect of these conditions on the biomass produced
during a 6 week growth period (Table 2.13) show that the
presence of NaCl or NaHCOs separately causes an increase in
biomass compared to the control cultures. A combination of both
NaCl and NaHCO; together however has no increase on the
biomass above levels observed in the controls; a reduction in
biomass was only observed in the highest concentration of 30

mM NaCl and NaHCOs.

77



Biomass MCYST-LR
Condition
Mean mg + S.D Hg / mg %>
/ ml
Control 0.86 0.15 3.37 -

NaHCO;3; 2 mM 1.12 0.17 2.87 -14.9
NaHCO; 5 mM 1.06 0.08 2.97 -11.9
NaHCO; 10 mM 1.05 0.09 3.46 2.5
NaHCO3; 20 mM 0.91 0.14 2.05 -39.3
NaHCO; 30 mM 0.73 0.08 1.16 -65.7
NaCl 2 mM 0.76 0.07 4.48 32.9

NaCl 5 mM 1.01 0.20 4.38 29.9

NaCl 10 mM 0.97 0.15 3.75 11.2

NaCl 20 mM 1.03 0.05 3.98 17.9

NaCl 30 mM 1.08 0.11 3.70 9.7

NaCl + NaHCO3; 2 mM 0.87 0.11 4.37 29.5
NaCl + NaHCO3; 5 mM 0.89 0.08 4.06 20.4
NaCl + NaHCO; 10 mM 0.95 0.05 4.13 22.4
NaCl + NaHCO5; 20 mM 0.77 0.23 3.02 -10.6
NaCl + NaHCO3; 30 mM 0.53 0.07 1.47 -56.6

Table 2.13

Biomass weights for cultures of M.aeruginosa PCC7820 cultures tested
over a variety of concentrations subjected to both; NaCl + NaHCOs;,
NaHCOs; and NaCl at concentrations ranging from 2 mM to 30mM.
(£S.D = standard deviation, n = 4) “Percent variation when compared
to control.

The results for the intracellular analysis (Figure 2.5) show that
in the presence of increased inorganic carbon through the
addition of NaHCOs a decrease in the MCYST levels is clearly

shown in the higher concentrations. This was not observed in
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the presence of NaCl where increasing the concentration showed
no effect on the levels on MCYST present after 6 weeks of
growth. Increasing levels of NaCl and NaHCOs; together at low
concentrations up to 10 mM caused and increase in MCYST
levels. At concentrations higher than 10 mM a gradual decrease
was observed similar to the trend observed in the presence of
NaHCOs3 alone suggesting this is as a direct result of increased

inorganic carbon.
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The effect on cultures of M.aeruginosa PCC7820 MCYST-LR levels
when subjected to increasing concentrations (A) NaHCO;, (B) NaCl
and (C) a combination of both NaCl and NaHCOs in equal portions over
a period of 6 weeks.

80



The effect of these three conditions on the extracellular MCYST
(Table 2.14) also proved interesting as in the presence of
increasing NaHCOs; either alone or combined with NaCl +
NaHCO; together the lower concentrations of 2, 5 and 10 mM
all had their intra and extracellular percentages similar to those
found in the controls with ~60% intracellularly and ~40%
extracellularly. Then as the concentration increases to 20 mM
the intracellular levels drop to ~45% and the extracellular
proportion increases to ~55%. This continues in the 30 mM
condition with the proportion of intracellular decreasing to ~30%
and the extracellular proportion increases to ~70%. This
increase in extracellular MCYST can only be as a result of the
increase in inorganic carbon as this was not observed in the
NaCl cultures but was observed in the NaHCO; cultures. Such
increases in extracellular MCYST are probably due to cell lysis as
(Orr et al., 2004) found no significant increase in membrane

permability to MCYST as a result of increased salt.
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Intracellular Extracellular Total

Condition

% Mg / ml % Mg / ml Mg / ml
Control 64 2.82 36 1.56 4.38
NaHCO; 2 mM 67 3.24 33 1.60 4.84
NaHCO; 5 mM 62 3.14 38 1.92 5.06
NaHCO; 10 mM 70 3.60 30 1.52 5.14
NaHCO; 20 mM 45 1.94 55 2.40 4.33
NaHCO; 30mM 26 0.91 74 2.65 3.56
NaCl 2 mM 72 3.35 28 1.30 4.65
NaCl 5 mM 72 4.42 28 1.68 6.10
NaCl 10 mM 68 3.61 32 1.70 5.31
NaCl 20 mM 71 4.08 29 1.64 5.71
NaCl 30 mM 66 4.02 34 2.05 6.08
NaCl + NaHCO3; 2 mM 68 3.71 32 1.77 5.48
NaCl + NaHCO; 5 mM 67 3.59 33 1.80 5.39
NaCl + NaHCO5; 10 mM 77 3.90 23 1.13 5.03
NaCl + NaHCO3; 20 mM 45 2.17 55 2.65 4.83
NaCl + NaHCO5; 30 mM 30 0.79 70 1.84 2.63
Table 2.14

Effect of NaCl, NaHCOs and NaCl + NaHCOs on the levels of MCYST-LR
both intracellularly and extracellularly shown as a percentage (n = 4,
% mean in parenthesis).

2.3.7 Effect of buffered media on MCYST levels in the
presence of increased inorganic carbon

Research by (Jahnichen et al.,, 2001) and others have
unequivocally shown that MCYST synthesis is highest at the end
of the exponential phase suggesting that the history of the

inoculum may be critical to the subsequent experiment.
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Throughout previous results there is often a difference in
findings for the same conditions between different experiments.
In these studies the experimental variables had been carefully
standardized with the exception of inoculation age and exact cell
density. To improve the consistency a growth curve (Section
2.2.13) for M. aeruginosa PCC7820 cells was carried out, to
determine when cells would reach exponential phase the results
(Figure 2.6) showed that under these growth conditions cultures
of M.aeruginosa PCC7820 reach log phase at nine days from sub
culturing. Therefore all experiments were prepared from cultures

in their ninth day of growth after inoculation.
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Figure 2.6
Growth curve of M. aeruginosa PCC7820 over a period of 14 days from
a starting cell density of 1.4 x 10° cells / ml.
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Furthermore the inoculated cells would also be at the same
stage in the cell cycle and measuring cell density (section
2.2.17) standardized the starting inoculum to ~ 1.5 million cells
/ ml. Additional parameters were also assessed throughout this
investigation, since research by (Kotak et al., 1995) identified a
positive correlation between MCYST, biomass, chlorophyll a, pH
and others parameters. Therefore to assist in our understanding
of how and what is being affected in relation to any changes in
MCYST content cell counts, chlorophyll a, protein and pH were
analysed to correlate MCYST changes with these parameters.

The addition of NaHCOs to the media causes an increase in the
pH of the media and could potentially influence the proportions
of intra and extracellular MCYST, therefore a buffer was
introduced into the media in an attempt to maintain the pH at
7.60 throughout the experiment. The presence of HEPES buffer
increased the biomass (Table 2.15) in both the HEPES control
and HEPES with NaHCOs (20 mM) to over double the biomass
observed in the control with no HEPES buffer present. The
presence of HEPES buffer was found to increase the level of
biomass and caused a significant reduction in intracellular
MCYST. However when the extracellular MCYST was analysed
and taken in to account it is quite clear that this reduction is

either a result of cellular export or MCYST leakage (Table 2.16).
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Biomass Intracellular MCYST-LR
Condition
Mean mg +S.D Hg / mg %%
/ ml
Control 0.70 0.21 3.33 -

HEPES Control 1.71 0.11 0.45 -86.4
HEPES NaHCOs; 20 mM 1.92 0.19 1.10 -67.1
Table 2.15

Biomass weights for cultures of M.aeruginosa PCC 7820 -cultures
tested in media buffered with HEPES buffer and tested with NaHCO;
20 mM. (£S.D = standard deviation, n = 4) "Percent variation when
compared to control.

In addition to the standard HPLC analysis of the intra and
extracellular MCYST levels, the chlorophyll a, protein and cell
counts were carried out to determine how these relate to the
levels of MCYST present after 6 weeks of growth. The
intracellular MCYST levels have also been calculated in relation
to these factors (Figures 2.7 to 2.10), also the three other
MCYSTs produced have been reported to give a complete
understanding how each of the MCYST levels have been
affected. In figure 2.7 the intracellular MCYST levels are
considerably affected by the presence of HEPES buffer with
approximately a 7 fold decrease in MCYST-LR observed. Similar
reductions were also observed in the other three MCYST
produced, but the addition of NaHCOs causes an increase in
three out of the four MCYSTs produced with only MCYST-LY not
being increased by the presence of increased inorganic carbon

when reported in relation to the dry weight of cells. The result
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have also been calculated as ug / cell, ug / mg chlorophyll a and
Mg / mg protein, with all showing a similar trend in three of the
four MCYSTs. Only MCYST-LY behaved differently and was found
to decrease in the presence of increased inorganic carbon in
relation to the control and the HEPES control. MCYST-LR, LW
and LF were all observed to have increased in the presence of
increased inorganic carbon when HEPES was present, but the
levels detected in most cases were not any higher than the
controls with no buffer present which may suggest that
increased inorganic carbon only cancels out the effect of the

HEPES buffer and does not increase the level of MCYST.
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Comparison of how the presence of 25 mM HEPES buffer (H+Cont)
and 25 mM HEPES with 20 mM NaHCO; (H+NaHCO; 20 mM) effects
the levels of MCYST produced by M.aeruginosa PCC7820 over a period
of 6 weeks in relation to mg dry weight.
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Comparison of how the presence of H+Cont and H+NaHCOs; 20 mM
effects the levels of MCYST produced by M.aeruginosa PCC7820 over a
period of 6 weeks in relation to cells.
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Comparison of how the presence of H+Cont and H+NaHCO; 20 mM
effects the levels of MCYST produced by M.aeruginosa PCC7820 over a
period of 6 weeks in relation to mg chlorophyll-a.
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Comparison of how the presence of H+Cont and H+NaHCO; 20 mM
effects the levels of MCYST produced by M.aeruginosa PCC7820 over a
period of 6 weeks in relation to mg protein.
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In this experiment the presence of 25 mM HEPES buffer was
found to be unable to maintain a pH at ~7.60 especially under
increased inorganic carbon conditions, as the pH of the media
when HEPES + NaHCOs; (20 mM) were present actually
increased compared to that of the control. Although HEPES was
able to maintain the pH in the HEPES control cultures (Figure
2.11), the effect on cell humber and chlorophyll a content was
considerably reduced when compared to those of the control and
HEPES + NaHCOs (20 mM). However the presence of HEPES was
not found to cause a similar reduction in the protein levels. It
can therefore be assumed that although cell numbers have
decreased the amount of protein per cell has actually increased

as a result of HEPES being present.
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Figure 2.11

(A) Comparison between inoculation pH and after 6 weeks growth in
controls, H+Cont and H+NaHCOs; 20 mM at the start [ and end of the
experiment . The presence of H+Cont and H+NaHCO; 20mM were
compared to the control containing only BG-II for (B) cell numbers,
(C) Chlorophyll a and (D) Protein content.
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MCYST (Table 2.16) by buffered media were found to be quite
significant as in the presence of HEPES 74% of MCYST was
detected extracellularly in the HEPES control. Such high levels of
extracellular MCYST were however not detected when increased
NaHCOs and HEPES were together and the proportions of MCYST
intracellularly or extracellularly were more aligned with those
detected in the control with no HEPES present. Therefore it can
only be assumed that the presence of increased inorganic
carbon in the form of NaHCO; reduces cellular stress or export
of MCYST from within the cell, resulting in levels more in line

with cultures grown in non-buffered media.

Intracellular Extracellular Total
Condition
% Mg / ml % Mg / ml Mg / ml
Control 71.0 2.42 29.0 0.99 3.41
H + Control 25.8 0.77 74.2 2.21 2.98
H + NaHCO3 20 mM 63.4 2.09 36.6 1.21 3.30
Table 2.16

The effect of HEPES buffer on the mean percent and ug / ml of culture
for MCYST intra- and extra-cellular levels either alone or in the
presence of 20 mM NaHCO; compared to a control culture of M.
aeruginosa PCC7820.
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2.4 Conclusion

The effects on MCYST observed by (Graham et al., 2001)
through the addition of NaHCO; to increase the availability of
inorganic carbon, showed significant reductions in MCYST levels.
However, that research never investigated if these findings were
as a direct result of the increased inorganic carbon or as a result
of increases in Na* ions. The data in the present study however
shows that the presence of increased Na* ions had no effect on
the levels of MCYST detected when concentration of Na* ions
present are similar to those of 2 - 40 mM NaHCOs3, they are also
not high enough to cause significant cell stress or lysis. One
important finding however was that concentrations >40 mM of
NaHCO; caused cell lysis while concentrations of NaCl up to 70
mM were tolerated in laboratory culture of M.aeruginosa
PCC7820. It was also found that the use of HEPES buffer at 20
mM to maintain a pH of ~7.6 was unsuccessful when NaHCO3
was present; and had a significant effect on the intracellular
level of MCYST under standard inorganic carbon levels as three
quarters of the total MCYST detected was extracellular.

The types of analysis carried out is also of major concern as
more parameters provide a more detailed and in depth
understanding of cell behaviour and factors affected during

experiments. To date there is also no standard or definite way to
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report MCYST levels as many of the early studies reported the
level in relation to biomass and only more recently have some
studies reported their findings as cell quota; the parameters
investigated in this chapter have expanded to include cell
number, chlorophyll a and protein together with a standardized
inoculum. This data also clearly shows that the presence of
increased available inorganic carbon can alter levels of MCYST,
although further investigations with either air enriched with CO,
or other methods for increasing available inorganic carbon may

improve our understanding of MCYST function within the cell.
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Chapter 3

Influence of CO, on MCYST levels
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3.1 Introduction

Many studies have been performed to determine the factors that
influence the toxicity of cyanobacteria, especially the elevation
or suppression of MCYST levels. While environmental variables
such as light, temperature and nutrients have been studied by a
number of research groups, however studies have not
investigated the influence of inorganic carbon on MCYST levels.
Modifying inorganic carbon via addition of sodium bicarbonate
(Chapter 2) indicated that MCYST levels were reduced although
conclusive results were difficult to obtain. This was in part due
to the alteration in the pH which could not be regulated by the
use of buffers without altering the experimental findings. Also,
the addition of inorganic carbon in the form of sodium
bicarbonate altered Na® ion levels as well. It was therefore
decided that the elevation of inorganic carbon using CO, was an

appropriate alternative strategy.

The addition of CO, via sparging of gas into a liquid media is
unlike the behaviour of many other gasses as it reacts to form a

species as follows

Carbonic acid bicarbonate Carbonate
CO, (AIR) s C02 + H,O0 5 H,CO3 S H" + HCO3; & 2H + CO32_
Rapid  (Pissolved) Slow Fast Fast
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Active photosynthesis by cyanobacteria alters the equilibrium
towards bicarbonate which in turn pushes the pH up. It is
commonly observed in cyanobacterial cultures that pH rises to a
pH of 9 - 11, and this also occurs in the natural environment.
Conversely addition of CO, enriched air will result in a drop in

pH.

Research was carried out to develop a suitably robust culture
system for the inorganic carbon enrichment of MCYST producing
cultures using CO, enriched air. The effect of elevated CO, on
growth characteristics and MCYST levels were followed. This
work may be of particular relevance since global atmospheric
carbon levels have been observed to almost double (IPCC,
2001) in the last 100 years or so. If this trend continues it is
imperative that we understand the impact these changes will
have on the risk associated with toxic blooms. Most commonly
the current focus is on the influence of elevated temperature as

this is predicted to increase frequency and magnitude of blooms.
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3.2 Methods

3.2.1 Effect of an elevated CO, atmosphere on growth and
MCYST production in cultures of M. aeruginosa.

Conical flasks (500 ml) were prepared with 250 ml of sterile BG-
II medium and inoculated at 1.5 x 10° cells / ml (Section 2.2.13
and 2.2.17) (cells were taken from a 9 day culture) with
M.aeruginosa PCC 7820. They were incubated at 25 °C in water
a bath under continuous illumination (30 umol s m™). Flasks
were exposed to an elevated CO, environment by placing the
experimental set up in a clear polythene bag that was
continually flushed with 5% CO; in air at a rate of 20 ml / min to
create a positive pressure environment. Control cultures were
prepared in the same way except, flushed continuously with air.

Cultures were sampled weekly (Ref. Chapter 2; section 2.2
where relevant) for biomass, cell numbers, chlorophyll a, intra
and extracellular MCYST levels, protein and pH. Inorganic
carbon analysis was performed at Aberdeen University Plant and
soil science department, using a LabTOC (Pollution and Process
monitoring, Seven Oaks, Kent, UK). Sample analysis was carried
out using the UV digestion method developed by Pollution and
Process monitoring, Uk and inorganic carbon levels calculated by
subtracting the total organic carbon from the total carbon to

give the total inorganic carbon. Analysis was carried out as per

99



the relevant methods in Chapter 2 section 2.2 with duplicate
measurements for inorganic carbon in the four replicates of each

experimental condition.

3.2.2 Effect of direct sparging with elevated CO, on
growth (Version 1)

Flasks (500 ml) were prepared with 250 ml of BG-II medium
(pH 7.6) to which tubing (3 ml I.D.) fitted with a stainless steel
air stone was inserted. The flasks were autoclaved prior to being
inoculated to give a starting concentration of log phase cells (1.5
x 10° / ml) (Section 2.2.13 and 2.2.17) then placed in a water
bath at 25 °C under constant illumination by fluorescent tubes
delivering 30 pmol s m™ light. Flasks were sparged with 5%
CO; in air at a rate of 20 ml / min which was split between the 4
replicate flasks. Control flasks were sparged with air at the same
rate of 20 ml / min which was also split between the 4 replicate
flasks (Figure 3.1). Cultures were sampled ever 3 days for
biomass, cell number, chlorophyll a, intra and extracellular
MCYST levels and protein analysis was carried out as per the

relevant methods in Chapter 2 section 2.2.
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Air Pump or
Air + 5 % CO,

/ Rotameter

SP

500 ml Flask

1 2 3 4 Air Stones

@ /—Ej— /—fj— —] +— Water bath

Figure 3.1

Version 1.0 Initial sparging experiments were set up as per the
diagram above with either air or 5% CO, enriched air a rotameter was
used to control the flow rate to 20 ml / min which was split between
all 4 replicates.

3.2.3 Effect of direct sparging with elevated CO> on
growth when air stones are removed (Version 2)

The experimental setup in section 3.2.2 was altered to achieve
larger bubbles at the same flow rate, reducing the shear forces
previously experienced when the bubbles reach the surface
which possibly resulted in cell damage (Cherry et al.,
1992;Mirén et al., 2003). All the parameters detailed in section
3.2.2 remained unchanged, except air stones were replaced with

fine pipette tips (c200 pl size).
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3.2.4 Effect of continuous sparging with 5% CO, in air on
medium pH over a period of 24 hr

Using the experimental design (section 3.2.3), standard 500 ml

flasks with the 250 ml of BG-II at pH 7.60 were connected to

the system with no culture added. The flasks were then sparged

continuously for a period of 24 hr and the pH recorded at regular

intervals.

3.2.5 Effect of direct sparging with elevated CO> on
growth using manifold gas regulation (Version 3)

Although gas flow was controlled by a rotameter, splitting the
gas flow by dividing the tubing into equal lengths was unable to
provide constant flow rates to each flask. Therefore after the
rotameter a manifold was introduced to split the gas equally
between cultures (note: all cultures had to have the same
volume or gas flow resistance varied and altered flow rates).
The connection between the flask and the gas regulating system
was also altered as sample collection was difficult without
compromising the sterility of the culture. Therefore as the silicon
tubing (3.0x 1.5 mm I.D) within the flasks emerged through the
cotton wool bung a medical cannula (Becton Dickinson Int. (BD),
InsyteTM, Autoguard 1.1 x 48 mm) was inserted into the inside
of the tubing prior to sterilization. This provided the opportunity

to connect the gas regulating apparatus to the flasks with a
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three port connecta (BD, 3 port Connecta) (Figure 3.2). This
type of connection also simplified sample removal without
compromising sterility and improved the connection with the

sterile filter, the system schema is detailed below (Figure 3.3).

Syringe

Silicon ]
tubing Syringe
Filter

e

Connecta

Figure 3.2
Detail of the components used to connect the gas flow system to the
culture flask

Air Pump or
Air + 5 % CO;

ﬁ Rotamete

NP

SN LN AN A

Figure 3.3

Version 3 set up where the gas was put through a rotameter and a
manifold to control the flow rate and then split to supply each culture
flask. Equal flow rate can be achieved if the length of tubing for 1-4 is
the same and the equal volumes are present in each flask.
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3.2.6 Effect of sparging with elevated CO, on growth
using electronically controlled gas regulation
(Version 4)

Although version 3 design improved the consistency of gas

delivery in each culture flask, the manifold construction was not

very robust. Therefore a new manifold was constructed, with
hollow partially treaded brass rods used to replace pipette tips,
making the manifold more stable and easier to move without the
possibility of leaking. Also instead of the cultures being supplied
with a constant supply of air enriched with 5 % CO, the sparging
was reduced to 1 hr out of every 24 hr or for a 1 hr period every
12 hrs. Providing cultures with 1 hr of sparging every 12 hr over
the course of the experiment (35 days) proved very labour
intensive. Therefore further modifications were carried out to
electronically control the system, switch gasses and shut down
sparging if required. In order to do this a timer controlling three
solenoids was introduced and a number of manifolds increasing
the number of experimental conditions which can be tested at
once (Figure 3.4). The system worked by running with solenoids

A and C open to supply air to all the cultures, when the timer

switched over for the desired sparging with air enriched with 5

% CO, solenoids A and C closed and solenoid B opened. The

reverse happened when switching back to air only. An example

of the experimental schema can be seen in Figure 3.5 where one
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manifold (2) supplies 8 samples in one water bath with the

controls in a second bath with a separate manifold (1) (Figure

3.4).
Air Pump Air + 5 % CO,
Héj A BFH] <— | Solenoid
4R
Rotameter \ %
c N~ / Manifold
( 1\ ( 2\
=/ &/
\4 v \4 v
Air Air + 5 % CO»
Figure 3.4

Version 4 an electronically controlled system controlled by a timer
and solenoids (A - C) to switch from air to air enriched with 5 % CO,
and close lines to the controls. In addition to this schema additional
manifolds (1 - 2 ) can be added providing the possibility of testing
more than one condition at a time provided all flow rates are
consistent. All experiments were carried out using a gas flow rate of
20 ml / min.
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Figure 3.5
Experimental set up using version 4 and 500 ml conical flasks with
250 ml of culture in each.
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3.3 Results and discussion

3.3.1 Effect of an elevated CO, environment on the level of
MCYST in M. aeruginosa strain PCC7820

As previous research into MCYST production has mainly focused
on either nutrients or light availability (Sivonen, 1996) the effect
of inorganic carbon has not been extensively studied. This
experiment was designed to directly study the effect of
enhancing the atmospheric conditions by the use of air enriched
with 5 % CO,. The experiment was set up as per section 3.2.1 in
which cultures were placed in water baths and enclosed in clear
plastic bags with different air conditions flowing through.
Cultures incubated within the enclosed system grew poorly after
the first few weeks and the experiment had to be terminated.
However, the findings from this study did support the idea that
elevated CO; increased levels of MCYSTs. This was observed for
the main MCYST variants (LR, LW and LF) identified by method
detailed in Chapter 2 Section 2.2.6 and although a similar
finding was observed for MCYST-LY the data was highly variable.
Although this experiment was terminated the results from the
first three sample points are shown in Figure 3.6 and Figure 3.7.
The artificial environment used in this experiment was found to
have a considerable problem with condensation and variation

between the replicates was observed. Therefore the
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experimental design was altered so that each culture would be
sparged directly and the system not enclosed by a clear
polythene bag; eliminating condensation previously observed in
the previous experiment. Direct sparging of each culture would
also ensure an increase in CO, absorption within the media and

increase its inorganic carbon level.
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Figure 3.6

Effects of an enclosed atmosphere with increased CO, on MCYST levels
calculated as pug / ml of culture (A) MCYST-LR, (B) MCYST-LY, (C)
MCYST-LW and (D) MCYST-LF. Air m, Air + 5% CO, e the error bars
indicate £ SEM (standard error of the mean), n=4.
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Figure 3.7

Effects of an enclosed atmosphere with increased CO, on MCYST levels
calculated as pg / mg dry weight of cells (A) MCYST-LR, (B) MCYST-

LY, (C) MCYST-LW and (D) MCYST-LF. Air m, Air + 5% CO, ® the error
bars indicate £ SEM (standard error of the mean), n=4.

3.3.2Effect of direct sparging with air enriched with 5%
CO> on MCYST levels using experimental design
version 1

As a result of poor growth in the previous experiment where
cultures of M. aeruginosa PCC7820 were grown in an enclosed

atmosphere under positive pressure from either air enriched
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with 5% CO, or air (Section 3.3.1). The experimental design
was altered to a more direct approach in which each culture
would be sparged directly; this new experimental set up is
detailed in section 3.2.2. However after only one week the
condition of the cultures started to decline and the experiment
was terminated. The first weeks findings (results not shown)
indicated that cultures sparged with air enriched with 5 % CO»
had an increase in biomass, cell number, chlorophyll a and
MCYST-LR when compared to those sparged with only air. This
suggested that changes to the level of available inorganic carbon
can directly affect the growth and the amount of MCYSTs in M.
aeruginosa PCC7820. The rapid deterioration in the cultures
after only one week was thought to be as a result of the
experimental design. Previous research (Cherry et al.,
1992;Mirén et al., 2003) proved that although sparging
increased the transfer of gasses in to liquids many species are
effected by the shear factors caused by bubbles bursting at the
air-liquid interface. The rapid decline in growth observed could
be as a result of similar shear factors as M. aeruginosa are well
known for forming surface blooms and often congregate at the
air-liquid interface. One other consideration was, the air stones
used produced large numbers of very small bubbles which would

result in a higher shear factor than fewer larger bubbles.
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3.3.3 Effect of direct sparging with air enriched with 5%
CO> on MCYST levels using experimental design
version 2

As a result of our findings during the previous experiment in
which shear factors were thought to be the cause of cell death,
aeration stones were replaced with pipette tips to increase
bubble size and limit shear stress (Section 3.2.3). Initially this
change was thought successful, as cultures grew for a period of
time but after the second time point cultures started to
deteriorate and the experiment had to be terminated. In order
to try and understand why prolonged growth was not being
achieved, the pH of the media was tested under continuous
sparging with 5% CO, in air as per section 3.2.4 and found the

pH to drop to around 5.5 (Figure 3.8).

pH

0 T T T T T T T T T T T T T T T T T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20 22 24

Time (hr)

Figure 3.8
The effect of continuous sparging with 5% CO, enriched air at a flow
rate of 20 ml / min on culture free BG-II media.
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This low pH is unfavourable for growth in M. aeruginosa which
usually inhabit an alkaline environment (Bahares-Espaha et al.,
2006;Bafiares-Espafia et al., 2007;Shapiro, 1984). It is
therefore likely that continuous sparging with 5% CO, enriched
air has resulted in cell death as a result of the stress from the
low pH. It was also noted at this stage that some of the flow
rates varied over time and could have resulted in some cultures
receiving higher flow rates than others. As a result of these
findings a manifold was introduced after the rotameter to
eliminate fluctuations in flow rate between cultures, it was also
found to be imperative that all the cultures had exactly the same

volume, since the volume directly effects flow resistance.

3.3.4Effect of sparging for 1 hr with 5 % CO, in air on
growth and MCYST levels in cultures of
M.aeruginosa PCC7820.

As a result of the previous findings, sparging with 5% CO;
enriched air was reduced to only 1 hr in every 24 hr so that
inorganic carbon could be increased without reducing the pH to
~5.5 (Figure 3.22), after this 1 hr the cultures were returned to
continuous sparging with air as used in the controls. In Figure
3.9 the effect of exposure to 1 hr of increased inorganic carbon
(CO3) in every 24 hours showed no significant effect on M.
aeruginosa biomass or cell count when compared to cultures

only sparged with air.
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Figure 3.9
The effect on biomass (A) and cell counts (B) for cultures exposed to 1

hr with 5% CO, enriched air over a period of 33 days. Air m and 5%
CO, enriched air o.

The effects of increased inorganic carbon (CO,) on MCYST levels
are clearly shown in Figure 3.10 where significant increases in
the level of MCYST-LR were observed in cultures subjected to
1hr of 5% CO; enriched air in every 24 hours compared to those
sparged with air only. The presence of increased inorganic
carbon however was found to slightly decrease the level of
MCYST-LY (Figure 3.11) as time progressed and the difference
between the air sparged cultures and those sparged for 1 hr in
every 24 hours with air enriched with 5% CO, was negligible. As
for MCYST-LW and -LF (Figures 3.12 and 3.13) they followed a
similar trend to that observed for MCYST-LR with increased

MCYST detected when compared to cultures sparged with only
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air. The slight reduction in MCYST-LY could be as a result of a
change in light intensity, as the inoculating cultures were grown
at a light intensity of 15 pmol s m™ and the experiment light

2, It should also be

intensity was increased to 30 pmol s m
noted that the protein time points below 12 days are not shown
as the levels were below the sensitivity of the method and the
sample errors were too large to include. The sample errors
observed when measuring protein in the initial time points could
be a result of the low cell density at the start of the experiment
and this could probably have been avoided if a larger sample
was tested in the initial stages. In the method used (Lowry et
al., 1951) one of the disadvantages is colour can vary with
different proteins and colour is not always proportional to
concentration. Although the process was calibrated using bovine
serum albumin and linear regression and concentrations
extrapolated. These results clearly identified that increasing the
level of inorganic carbon with 1hr air enriched with 5% CO;
resulted in an increase in the intracellular levels of MCYST-LR, -
LW and -LF, when calculated in relation to the parameters
analysed. Only MCYST-LY showed a reduction under elevated
inorganic carbon conditions suggesting that it has been down
regulated or being exported into the surrounding media.

However this can not be the case as later analysis of the

extracellular sample detailed later in this chapter showed no
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significant difference between the two sparging conditions. A
similar increase in MCYST content was also observed by (Codd

et al., 1988) who found a greater toxicity in cultures supplied

with CO..
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Figure 3.10

Effects of 1 hr inorganic carbon (CO,) sparging every 24 hours on
intracellular MCYST-LR levels, in cultures of M. aeruginosa PCC7820
over a period of 33 days with MCYST-LR reported in relation to

different tests carried out. Using the following representations Air m,
5% CO; in air ®,(A) ug MCYST-LR / ml of culture, (B) fg MCYST-LR /
cell, (C) pg MCYST-LR / mg dry weight of cells, (D) ug MCYST-LR / ug
chlorophyll a, (E) yg MCYST-LR / ug protein and (F) ng MCYST-LR /
ppm CO..
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Figure 3.11

Effects of 1 hr inorganic carbon (CO,) sparging every 24 hours on
intracellular MCYST-LY levels, in cultures of M. aeruginosa PCC7820
over a period of 33 days with MCYST-LY reported in relation to

different tests carried out. Using the following representations Air m,
5% CO; in air ®,(A) pg MCYST-LY / ml of culture, (B) fg MCYST-LY /
cell, (C) ug MCYST-LY / mg dry weight of cells, (D) uyg MCYST-LY / ug

chlorophyll a, (E) pg MCYST-LY / ug protein and (F) ng MCYST-LY /
ppm CO..
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Figure 3.12

Effects of 1 hr inorganic carbon (CO,) sparging every 24 hours on
intracellular MCYST-LW levels, in cultures of M. aeruginosa PCC7820
over a period of 33 days with MCYST-LW reported in relation to

different tests carried out. Using the following representations Air m,

5% CO, in air ®,(A) ug MCYST-LW / ml of culture, (B) fg MCYST-LW /
cell, (C) pg MCYST-LW / mg dry weight of cells, (D) pg MCYST-LW /
Mg chlorophyll a, (E) pg MCYST-LW / ug protein and (F) nhg MCYST-LW
/ ppm CO..

117



H
>
>
8
I

B
12 » ﬁ
2 10 /
2
3 37 N
5 08 8 / \ - .
E =y —
5 o] 5
- >
= [8) / ~a— T
P 044 S 104 ~5_ J/
[8) =
= —
o 02
3 5.
00
T T T T T T 1 0 T T T T T T 1
0 5 10 15 20 2 30 35 0 5 10 15 20 2 30 35
1.50 4 0.04
c D
1254
- ]
< = 0034
= =
(%)
1.00 Q
; /} o .
5 / I~ g E
2 / — o / L / S N PR
4 o o J
= 075 / — 5 2 002 /o \\; AN /
L . _a—m —
0 050
> \ﬁ/ P
g O o001
=
2 025 2
0.00 T T T T T T 1 0.00 T T T T T T T
0 5 10 15 20 2% 35 0 5 10 15 20 2 30 35
0.06 - .
E wulF
005
12
- ~
g i Q o /!
5 004 (E) 10 /
5 ] /
Z 0034 = 84 y i//’
b s 11/ }/
> — & =64 / }
) —3 - %) —
S o002 \ PN S~ <_ 5 /+/
S) i = 4 %\%/
[=2] j=2]
ES < p
001 4
2
T o
10 15 20 2 30 35 0 5 10 15 20 2 30 35
Time (Days) Time (Days)

Figure 3.13

Effects of 1 hr inorganic carbon (CO,) sparging every 24 hours on
intracellular MCYST-LF levels, in cultures of M. aeruginosa PCC7820
over a period of 33 days with MCYST-LF reported in relation to

different tests carried out. Using the following representations Air m,
5% CO, in air ®,(A) ug MCYST-LF / ml of culture, (B) fg MCYST-LF /
cell, (C) yg MCYST-LF / mg dry weight of cells, (D) pg MCYST-LF / ug
chlorophyll a, (E) uyg MCYST-LF / upg protein and (F) ng MCYST-LF /
ppm CO..
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On analysis of the media to determine extracellular content of
MCYSTs (Figure 3.14) it was discovered that the level of MCYST-
LY remained constant through out the experiment unlike the
other MCYSTs present. The extracellular level of MCYST-LR, LW
and LF were all found to increase as time progressed but no
significant differences were observed between the cultures
grown with air sparging and those which were exposed to 1 hr in
every 24 hours of air enriched with 5% CO,. Therefore it is clear
that increasing the level of available inorganic carbon causes an
increase in most of the MCYSTs produced by M. aeruginosa
PCC7820 and does not increase cellular export of these
compounds. It was also noted that since the introduction of
standardizing the inoculation of cultures with cells in exponential
phase the level of extracellular MCYSTs has been greatly
reduced and the increases observed are as a result of the
culture aging as opposed to cell death.

Improvements to the experimental design finally produced
consistent growth in the cultures and the introduction of a
manifold improved the consistency of the flow rate. Also
reducing the time in which the cultures were exposed to air
enriched with 5% CO; reduced the pH fluctuation to a minimum,
ensuring that the cultures were not only able to grow but thrived
in such conditions. Also, the use of a cannula and triple port

Connecta reduced the possibility of contamination; decreased
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time required for sampling and improved the efficiency of the

experimental set up. Although this experimental set up was

working well one disadvantage was that it relied on manual gas

changes and therefore was very labour intensive when an

experiment was run for a long period of time.
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Figure 3.14
Effects of 1 hr in every 24 hours inorganic carbon (CO,) sparging on
extracellular MCYST levels in culture media with MCYST shown as ug /
ml of culture for (A) MCYST-LR, (B) MCYST-LY, (C) MCYST-LW and (D)

MCYST-LF Air m, 5% CO; in air ®
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When the total MCYST-LR levels for both intracellular and
extracellular levels were compared the effect of daily 1 hr
sparge with 5% CO, in air reduced the total MCYST-LR levels
(per ml of culture) for ~ 27 days. Then the levels increased
above those observed in the cultures only sparged with air
(Figure 3.15a). Also when the percentages of MCYST-LR
detected either intra or extracellularly in both conditions were
examined they were almost identical (Figure 3.15b) with
approximately 90% being retained internally under both

atmospheric conditions.
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Figure 3.15

Comparison of the effects of 1 hr in every 24 hours inorganic carbon
(CO,) sparging on (A) total MCYST-LR for cultures sparged with Air m
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3.3.5 Effect of sparging at 12 hr intervals with 5% CO; in

air on MCYST levels using version 4

The effect on MCYST levels after growing in the presence of
increased inorganic carbon through sparging with 5% CO»
enriched air were so profound it was decided to investigate this
further and introduce sparging at 12 hr intervals. In order to
achieve this consistently the experimental set up of version 3 in
section 3.2.4 was modified to automate the switching over of
gasses for 1 hr sparging in every 12 hours to cultures (Section
3.2.56 and Figure 3.4) which were exposed to air enriched with
5% CO,. Using this automated system cultures were able to be
sparged reliably for a period of 1 hr every 12 hrs throughout the
30 days in which the experiment was carried out. Increased
inorganic carbon through 2 hr of sparging per day was fond to
cause no significant difference in biomass or cell numbers when
compared to cultures in which no increase in inorganic carbon

was supplied (Figure 3.16).
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Figure 3.16
The effect on biomass (A) and cell counts (B) for cultures exposed to

2hr with 5% CO, enriched air over a period of 33 days. Air B and 5%
CO; enriched air ®.

The intracellular MCYST-LR content was however affected as the
level of MCYST-LR (Figure 3.17) was found to increase by 2 to
2.5 fold (depending on the type of analysis) under the raised
inorganic carbon conditions. In all the tests carried out the
standard deviation between the four replicates was also greatly
reduced and provided an increase in confidence to these results.
Previously exposure to only 1 hr of 5% CO, enriched air per day
caused a decrease in MCYST-LY which conflicted with the effects
observed by the other MCYST which all increased. A similar

conflicting trend was again observed in the 2 hr sparged cultures
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as MCYST-LY was also greatly reduced while the other three

MCYSTs produced were increased (Figures 3.17 - 3.20).
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Figure 3.17

Effects of 2 hr inorganic carbon (CO,) sparging every 24 hours on
intracellular MCYST-LR levels, in cultures of M. aeruginosa PCC7820
over a period of 33 days with MCYST-LR reported in relation to

different tests carried out. Using the following representations Air m,
5% CO; in air ®,(A) ug MCYST-LR / ml of culture, (B) fg MCYST-LR /
cell, (C) pg MCYST-LR / mg dry weight of cells, (D) pg MCYST-LR / ug

chlorophyll a, (E) ng MCYST-LR / pg protein and (F) ng MCYST-LR /
ppm CO..
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Figure 3.18

Effects of 2 hr inorganic carbon (CO,) sparging every 24 hours on
intracellular MCYST-LY levels, in cultures of M. aeruginosa PCC7820
over a period of 33 days with MCYST-LY reported in relation to

different tests carried out. Using the following representations Air m,
5% CO; in air ®,(A) pg MCYST-LY / ml of culture, (B) fg MCYST-LY /
cell, (C) ug MCYST-LY / mg dry weight of cells, (D) uyg MCYST-LY / ug

chlorophyll a, (E) pg MCYST-LY / ug protein and (F) ng MCYST-LY /
ppm CO..
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Figure 3.19

Effects of 2 hr inorganic carbon (CO,) sparging every 24 hours on
intracellular MCYST-LW levels, in cultures of M. aeruginosa PCC7820
over a period of 33 days with MCYST-LW reported in relation to

different tests carried out. Using the following representations Air m,
5% CO, in air ®,(A) ug MCYST-LW / ml of culture, (B) fg MCYST-LW /
cell, (C) pg MCYST-LW / mg dry weight of cells, (D) pg MCYST-LW /
Mg chlorophyll a, (E) pg MCYST-LW / ug protein and (F) ng MCYST-LW
/ ppm COs.
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Figure 3.20

Effects of 2 hr inorganic carbon (CO,) sparging every 24 hours on
intracellular MCYST-LF levels, in cultures of M. aeruginosa PCC7820
over a period of 33 days with MCYST-LF reported in relation to

different tests carried out. Using the following representations Air m,

5% CO, in air ®,(A) ug MCYST-LF / ml of culture, (B) fg MCYST-LF /

cell, (C) yg MCYST-LF / mg dry weight of cells, (D) pg MCYST-LF / ug
chlorophyll a, (E) uyg MCYST-LF / upg protein and (F) ng MCYST-LF /
ppm CO..
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The effect of increased inorganic carbon on the levels of MCYST-
LW and LF are shown in Figures 3.19 and 3.20 and were found
to be very similar to those observed for the level of MCYST-LR.
These results follow the same type of trends as those observed
in the 1 hr experiment, but repeated exposure every 12 hr gave
a clearer indication of the effect of sparging with air enriched
with 5% CO, compared to those sparged with only air had on
cultures. As for the level of extracellular MCYSTs (Figure 3.21),
they were also found to follow similar trends to those observed
in the 1 hr enhanced inorganic carbon experiment, with controls
and enhanced CO; having similar external quantities for MCYST-

LR, LY , LW and LF.
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Figure 3.21

Effects of 2 hr in every 24 hours inorganic carbon (CO;) sparging on
extracellular MCYST levels in culture media with MCYST shown as ug /
ml of culture for (A) MCYST-LR, (B) MCYST-LY, (C) MCYST-LW and (D)

MCYST-LF Air m, 5% CO; in air ®
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One concern during this experiment was the effect that sparging
cultures had on the pH of the media since the media does not
contain a buffering agent to maintain a constant pH. Therefore
samples were taken over a 24 hr period and compared to the
control cultures to determine how quickly the cultures are able
to recover if at all (Figure 3.22). The pH within the control
samples sparged with only air, were tested after 3 days of
growth and the pH has increased from 7.6 at the start to ~9.5.
This was consistent over a 24 hr period however in the cultures
treated with air enriched with 5 % CO2 for 1 hr it can be clearly
seen that the pH immediately drops to ~6.5 during this hour
and then slowly recovers over the 24 hr period to bring the pH
back to ~9.5. While the pH in the cultures sparged twice a day
drops to ~6.5 and then returns to a pH of ~9.0 within 12 hr

before recovering once more.
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Figure 3.22

Effect on the pH of culture media over a 24 hr period of growth during
CO; enrichment, where the following symbols were used, Air m, 1 Hr
5% CO, enriched air . 2 Hr 5% CO, enriched air o.

Although many studies have been carried out into inorganic
carbon uptake (Coleman, 1991;Espie et al., 1991;Miller et al.,
1985;Miller et al., 1990;Paerl, 1983;Reuter et al., 1992) none of
these studies have detailed the effects of increased inorganic
carbon on the media and how pH changes after increasing the
level of available inorganic carbon. The work presented here
shows the development of a highly standardized protocol, it has
also applied an automated CO, enrichment culture system with
improved sampling procedure. This experimental design may be

applicable to many future studies into cyanobacterial growth.
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This research conclusively demonstrates that elevated inorganic
carbon in the form of CO, increases MCYST levels in all except
one variant (MCYST-LY). It can be concluded that this is
selectively elevated MCYST levels and doesn’t just reflect a
general increase in peptide / protein synthesis, as protein levels
remain constant (Utkilen et al., 1995). This work warrants
further attention since it may indicate a role for CO, in MCYST
regulation (apart from MCYST-LY) in the cell. However it must
be noted that all MCYST research to date only represents MCYST
levels at the determined sampling times this is not strictly a
measure of production. Nothing is currently known about the
production and in intracellular degradation rates of MCYSTs, and
while methods for monitoring gene regulation (mRNA levels) do
give some indication of increased synthesis results have not
always matched the amounts of expressed MCYST detected
(Utkilen et al., 1992).

Secondly these findings may be of significance with respect to
global climate change. Atmospheric CO, has been found to
increase from c. 270 ppm CO;, to C. 375 ppm over the last 100
years or so (IPCC, 2001) This may suggest that continual CO,
increase may increase bloom toxicity doesn’t seem to affect
biomass though significantly more work is required before this

conclusion can be made for certain.
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Chapter 4

Biodegradation of MCYST
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4.1 Introduction

For the foreseeable future cyanotoxins, especially MCYSTs will be a
problem in freshwaters. It is therefore important to appreciate the
persistence of these compounds in nature and possibly explain natural
degradation pathways by bacteria in water treatment. Understanding
these naturally occurring bacteria and their efficiency in degrading not
only MCYST but also other microbial contaminants could prove
beneficial as the cost of water treatment rises and demand for safe
water increases. Although, (Bourne et al., 1996) characterized the
enzymatic pathway Sphingomanas sp. ACM-3962 utilises for the
degradation of MCYST-LR (MW=994) where an enzyme called
Microcystinase attacks the peptide MCYST-LR and cleaves the cyclic
ring to form a linearised MCYST-LR (MW=1012). This linearised MCYST
is then degraded further by Enzyme 2 to give a compound called
Tetra-Peptide (NH»-Adda-isoGlu-Mdha-Ala-OH) (MW=614) and finally
Enzyme 3 degrades the Tetra-Peptide into undetected smaller peptides
and amino acids. Many other bacteria are also capable of such
degradation but have yet to be identified along with their modes of
action revealed.

Water samples taken from both lochs and rivers in the Aberdeenshire

and Angus area came from three locations, with considerably different
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microbial histories. The river Carron is a fast flowing river unable to
support cyanobacterial blooms, with seasonal changes to the water
chemistry mainly as a result of run off from the surrounding farm land.
Then Forfar loch (hypertrophic) a relatively small water body that has
had a history of non-toxic cyanobacteria and high levels of both
ammonia (2.75 mg/L) and phosphate (2.68 mg/L) depending on the
time of year (Details were supplied by SEPA, Arbroath, Scotland).
These levels have however been gradually decreasing over the past 10
years and are now on average below 1 mg / L (SEPA, Arbroath,
Scotland), even though it has been in the path of a sewage treatment
plant discharge for the past five years. The Loch is also populated by a
large number of birds and numbers have been recorded as high as 900
although the average is usually between 300-400 throughout the year
these include anything from black headed gulls to ducks and geese
(SEPA, Arbroath, Scotland). The last water body tested is Rescobie
loch (eutrophic) this loch is connected to Balgavies loch that has
already been well documented for its prior history of toxic
cyanobacterial blooms and where M.aeruginosa PCC7820 was first
isolated (Phillips et al., 1985). On several occasions treatment with
straw bales have been used as a treatment for bloom formations, the
way in which these work has been studies by (Welch et al., 1990).

Who discovered antibiotic production by the fungal flora or to the
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release of phenolic compounds such as ferulic acid and f-coumaric acid
during the decomposition of the straw walls was the mode of action.
All methods for the treatment of toxic cyanobacterial blooms,
inevitably result in release of toxins into the surrounding environment
and therefore this chapter studied the biodegradation potential of
microbial populations in waters from various locations in the
Aberdeenshire area. It also tried to identify if naturally occurring
microbial species capable of degrading cyanotoxins increase their
tolerance to such compounds after repeated low exposure or evolve to
utilize these toxic compounds as a source of carbon and energy
(Bourne et al., 1996). Studies by (Bourne et al., 1996;Jones et al.,
1994;Lahti et al., 1997;Rapala et al., 2005) have all reported microbial
degradation of MCYSTs or NOD and some species have even been
identified, but most degradation pathways are yet to be fully
characterised. As our climate changes and carbon levels increase or as
temperatures rise, the possibility of increased cyanobacterial blooms is
a major concern especially the effects on the microbial populations
when toxins are released through cell lysis. Therefore understanding
how natural micro-ecosystems might cope or understand the likely
persistence of such compounds can only be beneficial in developing
methods for the prevention or treatment of bloom formations.

Currently, treating cyanobacterial blooms in large water bodies is often
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difficult and expensive; therefore it has usually been limited to fresh
water treatment plants and recreational areas. Environmental
authorities and experts agree that a rapid and cheap water resource
protection and restoration method would be highly desirable, although
process of review prior to investment is required (Chorus et al., 1999).
The aims of this chapter were to investigate microbial degradation of a
range of MCYSTs and NOD, in a variety of freshwater samples.
Through the addition of either single or multiple toxins under
laboratory conditions, then further research was carried on the effect
pre treatment has on the rate of degradation of multiple toxins. The

rate of degradation was determined by quantitative LC / MS analysis.
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4.2 Methods

4.2.1 Collection of water samples from lochs and rivers

Field samples were collected from freshwaters in Aberdeenshire and
Angus, the location of the sampling points are given in Table 4.1.
Surface water samples were collected in sterile 1 L glass bottles and
returned to the laboratory within 6 h and stored at 4°C overnight. The
samples were then filtered through a metal sieve (Endecotts Ltd,
London, England sieve 150 pum) to remove large particles (i.e.
zooplankton and vegetation) while not removing the planktonic,
natural bacteria present. The water chemistry data was supplied by
the Senior Environmental Quality Officer, SEPA Aberdeen where
samples were analysed on a monthly basis from 2000 to 2004, small
variations were observed between months some of which could be as a

result of seasonal variation.
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Rescobie Loch Forfar Loch Carron River
. MCYST produqng Non-toxic No previous
History cyanobacteria . .
f . Cyanobacteria Cyanobacteria
(microcystis sp.)
pH 7.5-9.1 6.7-7.6
Ammonia mg/L <0.005 - 0.287 0.016 - 2.75
o-Phosphate <0.004 - 0.153 0.002 - 2.68
mg/L
BOD mg/L 1.3-4.3 0.11 - 14.68
Grid Ref No 52505159 293458 877857
Table 4.1

History and water chemistry of the fresh water sources used in the bacterial
degradation of MCYSTs experiments.

4.2.2 Growth and harvesting of cyanobacteria

Cyanobacteria Microcystis aeruginosa PCC7820 (Pasteur Culture
Collection, Paris, France), Microcystis sp. (Sciento, Manchester, UK)
and Nodularia spunigena KAC66 (University of Kalmar, Sweden) were
grown in BG-11 plus nitrate (8.8 mM) medium (Table 2.1). Cultures
were grown in 10 L vessels for 6-8 weeks at a constant temperature of
25°C, under continuous illumination from cool white fluorescent light
20 pmol s*m™ and constantly sparged. The cells were then harvested
by tangential flow filtration (ULTRAN® - Slice Membrane Cassette, 0.20

Mm open channel pore)System then centrifuged (4000 x g) to give a

wet pellet; these were stored at -20 °C until required.
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4.2.3 Purification of MCYSTs and nodularin

Hepatotoxic compounds (MCYST-LR,-LY,-LW and -LF) were extracted
from the wet pellet of cyanobacterial cells using the method detailed
by (Lawton et al., 1994) and purified using a Biotage flash 40 system
(Biotage, a Division of Dyax Corporation, Charlottesvile, VA, USA). The
extracted cell contents were run through C18 flash cartridges (Biotage,
a Division of Dyax Corporation, Charlottesvile, VA, USA) and then
eluted into different fractions until the desired MCYSTs were obtained
with a high purity determined by LC-MS. The MCYSTs were then dried
by rotary evaporation (BUCHI Labortechnik AG, Switzerland) and
finally dried with nitrogen in 1 mg aliquots. These were reconstituted
in Milli-Q water by washing the glass vials several times with 2 ml Milli-
Q water until they were completely resuspended, the individual
compounds MCYST-LR, -LF and nodularin (NOD) were made up to a
final volume of 30 ml. A mixture containing MCYST-RR, -LR, -LW, -LF
and NOD was reconstituted in the same way as previously described,
but the final volume was 60 ml as this solution was required for
inoculation with more samples. The final solutions used were mixed
thoroughly and then filtered through sterile syringe filters as per the
manufactures instructions (Spectrum Dynagard, 3.4 cm surface area,

0.2 um) into sterile glass bottles ready for use.
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4.2.4 MCYST and nodularin degradation by natural water

samples

After filtering the river and loch samples (Section 4.2.1) 50 ml aliquots
were placed in 100 ml sterile conical flasks. These flasks were divided
up into groups of three and each natural water sample was subjected
to six different tests. The first three flasks were used as controls for
the degradation of MCYSTs so they were autoclaved at 121°C for 15
min. A mixture of sterile MCYST- RR, -LR, -LW,-LF and Nod (Section
4.2.3) was added to the control flasks when cool, to give a starting
concentration of 1 ug / ml for each MCYST and nodularin.

The degradation of single compounds on their own (MCYST-LR, -LF
and NOD) and the mixture (MCYST-LR, -LY, -LW, -LF and NOD) was
evaluated in triplicate non-sterile water samples (1 ug / ml). Finally
three flasks of non-sterile water were used to test initial levels of
MCYSTs within the water sample and monitor for any natural MCYST
production during the course of the experiment. All flasks were kept at

29°C and shaken at 100 rpm throughout the experiment.
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4.2.5 Sampling and analysis

The degradation of MCYSTs and nodularin both individually and as a
mixture were monitored over a period of thirty days with 2 ml samples
being removed under sterile conditions every three days. These were
then frozen immediately, freeze dried, then reconstituted in 200 pl of
80:20 methanol: water and centrifuged (to remove any undissolved
solids) for 10 min before analysis by LC-MS. Analysis of MCYSTs and
nodularin was performed using a modification of the method by
(Lawton et al., 1994) high performance liquid chromatography mass
spectrometry (LC-MS) was carried out using a Waters system
consisting of a (Waters 2690 Separation Module). Detection was
carried out by a waters mass spectrometer (Waters Micromass® ZQ™)
and photodiode-array (PDA) model 996. Separation of nodularin and
MCYSTs was carried out using a Waters symmetry Cig columns (150 x
2.1 mm, particle size 5 um). Data was collected using mass
spectrometry manager software (Masslynx v3.5). Mobile phases were
A: Milli-Q water with 0.05% trifluoroacetic acid and B: acetonitrile with
0.05% trifluoroacetic acid (TFA). The mobile phases were pumped at a
flow rate of 0.3 ml / min using the gradient shown in (Table 4.2); with

internal degassing of the mobile phase by the solvent delivery pump.
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Time (min)
Mobile Phase
0 25 26 28 30 35
Water 0.05% TFA 959% 40% 0% 0% 95% 959%
Acetonitrile 0.05% TFA 5% 60% | 100% | 100% 5% 5%
Table 4.2

HPLC Gradient for MCYST and nodularin analysis over a period of 35 min with
the proportion of mobile phase expressed as a percent.

The column was maintained at 40°C, MCYST-LR standards were
injected (25 nl) to give 1 pug column loading and 25 ul injections were
used for all samples. Analysis was carried out using ES™ ionization
mode with cone voltage 70.00, 72.65 V with cone gas flow 104 L/hr
and the desolvation gas flow 363 L/hr. The PDA detector was set to
acquire data from 200 to 300 nm with resolution of 1.2 nm and the
chromatograms monitored at 238 nm. A diluent (blank) and MCYST
standard were tested prior to sample analysis in order to check the
system performance. When processing the data the spectrum for each
peak was compared with the mass for known MCYSTs and nodularins.
Also the total ion chromatography (TIC), masses and spectra were
studied for any unknown peaks to determine if they were breakdown

products from the MCYSTs or NOD samples.
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4.2.6 MCYST and nodularin degradation by pre-conditioned

natural water

The water samples from lochs and rivers exposed to different MCYSTs
and NOD in the initial experiment (Section 4.2.4) were further used to
test if degradation rates can be affected by previous laboratory
exposure to MCYST-LR,-LF, NOD or a toxin mixture (MCYST-RR, -LR, -
LW, -LF / NOD). The water samples previously exposed to 1 ug / ml of
MCYST and NOD for 30 days were re-exposed to the MCYST and NOD
mixture (concentration 50 pg / ml) was added to increase the
concentration to ~ 2.5 ug / ml in each flask. After 24 hr the first
sample was removed, sampling continued at 3 day intervals for a
period of 15 days in order to determine the rate of degradation

measured as in section 4.2.5.
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4.3 Results and discussion

4.3.1Biodegradation of cyanobacterial hepatotoxins by natural

water samples

Initially all the waters collected were analysed by HPLC to ensure that
no MCYSTs or nodularins were present prior to experiments. This
confirmed that only the toxins added or their breakdown products
would be present in test samples (Data not included). The experiments
conducted identified that the microbial population present in loch
Rescobie water was capable of degrading different MCYSTs and NOD to
undetectable levels over a period of 24 days. The rates of degradation
were found to vary depending on the particular toxin present, for
MCYST-LR the first signs of degradation were observed after 6 days
and after 12 days no MCYST-LR was detected (Figure 4.1). A similar
trend was also observed when either MCYST-LF or nodularin were
present but the time required to reach 100% degradation was longer
by 3 and 6 days respectively, when compared to MCYST-LR
degradation (Figure 4.1). In the presence of the MCYST-RR, -LR, -LW,
-LF / NOD mixture the rates of degradation compared to individual
toxins was significantly decreased with MCYST-LR taking almost twice
as long to reach almost 100% degradation (Figure 4.1). MCYST-LR did

however show more degradation in the early stages in comparison to
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MCYST-RR, MCYST-LW, MCYST-LF and NOD. However although the
rate of degradation for MCYST-RR, MCYST-LW, MCYST-LF and NOD
was slower initially they all followed a very similar trend and 24 days

was required for complete degradation.
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Figure 4.1

Degradation in Loch Rescobie water A:- MCYST-LR (1ug / ml), B:=- MCYST-LF
(1pg / ml), C:- nodularin (1pg / ml), D:- toxin mixture (MCYST-RR *,
MCYST-LR ¢, MCYST-LW o, MCYST-LF A and nodularin e) each at a
concentration of (1ug / ml).
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The microbial population in loch Forfar water behaved very differently
to that observed in the Rescobie waters, with the rate of degradation
for the individual compounds (MCYST-LR, MCYST-LF and NOD) (Figure
4.2 A, B and C) being much slower that that observed for the same
Rescobie samples (Figure 4.1 A, B and C).The results clearly indicate
that the time required to reach total degradation in Loch Forfar water
was increased by 6 days for both MCYST-LR and -LF but NOD never
reached complete degradation. However, in the presence of
MCYST/NOD mixture (Figure 4.2 D) the rate of degradation was much
faster than that observed for individual samples (Figure 4.2 A, B and
C). The five compounds within the mixture were not only 100%
degraded within 15 days but they all showed a very similar trend to
their rates of degradation (Figure 4.2 D). The degradation was also
quicker and more efficient than that observed in the Rescobie water
and mixture sample (Figure 4.1 D) by ~6 days.

The river microbial population which has no previous exposure to
MCYSTs has slower degradation rates for the some of the variants.
While the rate of degradation for MCYST-LR (Figure 4.3 A) remained
relatively quick (100 % in 21 days) the degradation of MCYST-LF
(Figure 4.3B) was considerably slower (100 % > 21 days) and no
degradation of nodularin was observed (Figure 4.3C). The MCYST/NOD

mixture showed no signs of degradation for MCYST-RR, -LF and NOD,
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but MCYST-LR,-LW did have signs of degradation although it was not
conclusive as the errors are rather high and the cause was unable to

be determined.
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Figure 4.2

Degradation in Loch Forfar water A:- MCYST-LR (1ug / ml), B:- MCYST-LF
(1pg / ml), C:- nodularin (1ug / ml), D:- toxin mixture (MCYST-RR x*,
MCYST-LR ¢, MCYST-LW o, MCYST-LF A and nodularin e) each at a
concentration of (1ug / ml).
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Figure 4.3

Degradation in river Carron water A:- MCYST-LR (1pg / ml), B:- MCYST-LF
(1pg / ml), C:- nodularin (1ug / ml), D:- toxin mixture (MCYST-RR x*,
MCYST-LR ¢, MCYST-LW o, MCYST-LF A and nodularin e) each at a
concentration of (1ug / ml).
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Degradation of toxin mixture in sterile controls for A- Loch Rescobie, B- Loch Forfar and C- River Carron.
Toxin mixture (MCYST-RR *, MCYST-LR ¢, MCYST-LW o, MCYST-LF A and nodularin e) each at a concentration of

(1ug / ml).
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In the sterile control samples (Figure 4.4) it is clear that no
degradation occurred since the concentration of MCYSTs and nodularin
remained at the starting concentration throughout the incubation
period. A reduction in the amount of MCYST-LR recovered was
observed in the sterilised samples; with levels dropping to ~70%
within the first 9 days and no further reduction was observed after 9
days. This reduction in MCYST-LR could not be explained because if
degradation was occurring further reductions would have been
observed after 9 days. Also increases above the 100% were probably

due to evaporation of liquid during the duration of the experiment.

4.3.2Biodegradation of hepatotoxins by laboratory pre-exposed
natural water samples

The water samples from loch Rescobie exposed either to; MCYST-LR,
MCYST-LF, NOD or MCYST/NOD mixture (Section 4.2.4 and results in
Figure 4.1), were all able to degrade a further dose of both MCYSTs
and nodularin either separately or as a mixture. After the further
addition of MCYST/NOD mixture to all the pre-exposed water samples
the rate of degradation was monitored over a period of 15 days (Figure
4.5). When examining the effect of samples previously exposed to
MCYST-LR in (Figure 4.1 A) after the addition of MCYST/NOD mixture
(Figure 4.5A) it might have been expected that MCYST-LR would have

been degraded faster than the other compounds present. Surprisingly,
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though MCYST-RR was the only compound found to be degraded at a
faster rate than the other MCYSTs/NOD present. Only 3% of MCYST-
RR remained while 50-70 % of the other components still remained
after 15 days of incubation. In the other samples pretreated with
MCYST-LF, NOD and mixture a similar effect was also observed with
rapid degradation of MCYST-RR while the other compounds remained
present at much higher levels (Figure 4.5 B, C and D). The remaining
MCYST/NOD compounds all were degraded at very similar rates with
no significant differences observed in all four of the pretreated water
samples. Although the rate of degradation was faster in both the NOD
and mixture pretreatment samples respectively, with fewer compounds
being degraded below 60% in the MCYST-LR and -LF pretreated
samples. When comparing the rate of degradation for the initial
sample of MCYST/NOD mixture (Figure 4.1D) to that of MCYST/NOD
mixture after pretreatment it was observed that prior exposure results
in faster degradation (Figure 4.5 D), a comparison of the rates of

degradation after 15 days are detailed in Table 4.3.
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Initial Toxin % Remaining at 15 Days
Water | MCYST-RR Nod MCYST-LR | MCYST-LW | MCYST-LF
Treatment | I/T | P/T | I/T | P/T | I/T | P/T | /T | P/T | I/T | B/T
Resfé’b'e . 3| o |57 0 | 47| o | 67| o | 63
Resf;’b'e e | 23| o | 70| o | 90| o | 46| 0 | 72
Re,\slgogie e | 9 |56 |3 | e | 51| e | 57| o | 46
Ref;,lcic)’(b'e 64 | 9 | 81 | 30 | a5 | 21 | 81 | 32 | 71 | 17
Forfar
LR ° 0 ° 0 17 44 ° 0 ° 0
Forfar
LF ° 0 ° 0 ° 2 ° 0 61 0
Forfar
NOD ° 1 100 0 ° 3 ° 0 ° 0
Forfar ol 3| 0| 0o l10] 4] 0] o0/l 2|1
Mix
Ca[;f” e | 77 | o | 111 | 81 |120| e | 100 | e | 111
Ca[;;on e | 55| o | 100 o |103| o | 88 | 100! 91
Carron
NOD ° 100 | 110 | 113 ° 118 ° 106 ° 108
Cm}‘(’” 108 | 118 | 112 | 119 | 83 | 121 | 81 | 114 | 96 | 116
Table 4.3

Comparison of % remaining after 15 days for water samples initially treated
(I/T) with MCYST-LR, MCYST-LF, NOD or Mixture containing (MCYST-RR,
NOD, MCYST-LR, MCYST-LW and MCYST-LF). Then to all of the initial
treatment samples a further aliquot of mixture was added to give pre treated
(P/T) samples containing all 5 toxins detailed above. (e Not present in initial
treatment)

Water previously collected from the Forfar loch and treated with
MCYST/NOD both separately and as a mixture was found to be able to

degrade MCYST/NOD compounds within 15 to 24 days (Figure 4.2).
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The rates of degradation of a second MCYST/NOD mixture by the
pretreated water samples however increased dramatically and the
majority of the compounds were completely degraded between 6 to 15
days (Figure 4.6). The most efficient and consistent degradation
through out all the compounds was observed in (Figure 4.6 D) the

sample previously exposed to MCYST/NOD mixture.
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Figure 4.5

Degradation of individual MCYSTs or NOD toxin mixture by loch Rescobie
water after prior laboratory exposure to A:- MCYST-LR (1pg / ml), B:-
MCYST-LF (1pg / ml), C:- nodularin (1pg / ml), D:- toxin mixture ( MCYST-
RR *, MCYST-LR ¢, MCYST-LW o, MCYST-LF A and nodularin e) giving each
at a concentration of (2.5 pug / ml).
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Figure 4.6

Degradation of individual MCYSTs or NOD toxin mixture by loch F water after
prior laboratory exposure to A:- MCYST-LR (1ug / ml), B:= MCYST-LF (1ug /
ml), C:- nodularin (1ug / ml), D:- toxin mixture ( MCYST-RR *, MCYST-LR ¢,
MCYST-LW o, MCYST-LF A and nodularin e) giving each at a concentration of

(2.5 pg / ml).
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Figure 4.7

Degradation of individual MCYSTs or NOD toxin mixture by River Carron
water after prior laboratory exposure to A:- MCYST-LR (1pg / ml), B:-
MCYST-LF (1pg / ml), C:- nodularin (1pg / ml), D:- toxin mixture ( MCYST-
RR *, MCYST-LR ¢, MCYST-LW o, MCYST-LF A and nodularin e) giving each
at a concentration of (2.5 pg / ml).
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Figure 4.8
Degradation of individual MCYSTs or NOD toxin mixture in sterile controls for A- Loch Rescobie, B- Loch Forfar and
C- River Carron after laboratory exposure. Toxin mixture (MCYST-RR *, MCYST-LR ¢, MCYST-LW o, MCYST-LF A

and nodularin e) each at a concentration of (2.5 ug / ml).
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Although, pretreatment with MCYST-LF shows similarly fast
rates with 100% degradation of all the components within 9
days (Figure 4.6 B). It is however very difficult to determine if a
particular type of pretreatment favoured the rate of degradation
for any particular MCYST/NOD above any others present, as the
rates seem very similar. Also one observation that can be clearly
made between the initial samples and the same samples after
pretreatment is that the populations of micro-organisms present
in the Forfar water prefer a mixture of MCYST/NOD to individual
compounds and that pretreatment increases their ability to
degrade such compounds and in some cases the time required
to reach complete degradation of all MCYST/NOD mixture is
almost half. This may be as a result of an up regulation in the
pathway for the degradation of such compounds as a result of

the prior exposure to compounds such as MCYSTs.

River Carron water samples pre-exposed to MCYST/NOD both
separately and as a mixture behave very differently from the
initial samples as previous degradation observed (Figure 4.3 A
and B) did not occur when the further MCYSTs / NOD mixture
was added (Figure 4.7). No significant degradation was
observed in all the pretreated water samples and only MCYST-
RR showed some signs of degradation with 77 and 55%

remaining after 15 days in pretreated MCYST-LR and MCYST-LF
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water (Figure 4.7 A, B). There was however no degradation
observed in the samples pretreated with NOD and MCYST/NOD
mixture, suggesting that prior exposure is only beneficial for
some microorganism populations (Figure 4.7).

When MCYST/NOD mixture was added to all the sterile controls
that had previous exposure to MCYST/NOD both separately and
as a mixture, no changes were observed as expected over the
15 day period of testing (Figure 4.8). Figure 4.8 B however was
found to have very large experimental errors at day 9 probably

due to an aberrant and transient decrease in MCYSTs and NOD.

This study shows that water samples taken from a variety of
different sources have naturally occurring microbial populations
that are able to degrade cyanotoxins. No comparable
degradation occurs in the heat killed controls confirming that
loss of toxin is caused by biological degradation with live
organisms. These naturally occurring microbial populations
present within the water samples tested in this chapter, from
Loch Rescobie, Loch Forfar and River Carron, were all found to
have some ability to degrade either single or mixed cocktails of
cyanobacterial toxins. The least efficient microbial population
was, as expected, from the river Carron as this has a high flow

rate and no previous history of toxic cyanobacterial blooms.
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Although degradation was observed it was slow and the
microbial population was only able to degrade single toxins like
MCYST-LR and -LF within the 24 day testing period. However
compounds like nodularin and complex mixtures of
cyanobacterial toxins were not able to be degraded by this
microbial population.

In contrast to river water with a high flow rate the lochs
sampled have a longer retention time and microbial populations
have more time to adapt to compounds persisting within the
water. Especially in situations with a previous history of toxic
cyanobacterial blooms there was a marked increase in a
microbial population’s ability to degrade such compounds. This
was clearly demonstrated by water from an area with a previous
history of toxic cyanobacterial blooms (Loch Rescobie) where
toxic compounds like MCYST-LR were rapidly degraded as the
findings showed. Other single toxins such as MCYST-LF and
Nodularin were also degraded in a similar manor to the findings
by (Jones et al., 1994;Lahti et al., 1997;Rapala et al., 1994)
where a lag phase was observed before degradation fully
commenced. This was more obvious however when the microbial
population was subjected to a more complex mixture of
cyanobacterial toxins. The type / diversity of compounds a

microbial population would be subjected too through out its
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history, also plays a major role in their tolerance and ability to
adapt to utilize a wide variety of compounds for growth. As in
the microbial population form Forfar loch, where no previous
history of a toxic cyanobacterial blooms has been documented,
but it has a history of non toxic cyanobacteria, it is in the path of
a sewage works and has a high migrating bird population.
Resulting in a very diverse microbial population, that is quite
intriguing as it has a higher affinity for degrading a mixed
cyanobacterial toxin, than just individual compounds. It even
has a higher ability than that observed in the microbial
population from an area with a previous history of
cyanobacterial blooms, to degrade such a variety of compounds.
Although these MCYSTs and nodularin have been well
documented as being chemically stable, it has been published
that they are susceptible to biodegradation by naturally
occurring bacteria found in rivers and reservoirs (Christoffersen
et al., 2002;Jones et al., 1994). These degradative bacteria
appear to be present in a wide variety of places as they have
been documented in sewage effluent (Lam et al, 1995), lake
sediment (Lahti et al., 1997;Rapala et al., 1994;Rapala et al.,
1997), lake water (Cousins et al., 1996;Jones et al., 1994;Lahti
et al., 1997) and river water(Jones et al., 1994). Also, there is

usually an initial lag phase with little or no loss occurring, this
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can be as short as a couple of days to even weeks depending on
the water body, the concentration of dissolved MCYST/nodularin,
climate conditions and even the previous history of the lake
(Jones et al., 1994;Lahti et al., 1997;Rapala et al., 1994).
However, once the degradation process commences the
degradation can be rapid and even complete within a couple of
days, but it very much depends on the water body concentration
of MCYSTs, microbes and temperature (Jones et al., 1994;Lahti
etal., 1997).

Research however, has focused on microbial populations from
water bodies with a previous history of toxin producing
cyanobacterial blooms, as environments with no previous MCYST
exposure may be less likely to posses any specific MCYST
degradation pathways within the bacterial population (Holst et
al., 2003). Degradation of dissolved MCYST from temperate
lakes has been studied in several cases (Rapala et al. 1994),
monitored inocula of natural populations of heterotrophic
bacteria after exposure to MCYST-LR, from the water phase and
sediments from several lakes. Although MCYST-LR has been
reported to be degraded over a variety of time periods by
heterotrophic bacteria, it is more rapid when the inocula are
from locations with a history of cyanobacterial blooms (Rapala et

al., 1994). It has also been reported that MCYST-RR was unable
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to degrade during a long-term study (months) (Kiviranta et al,

1991 and Watanabe et al. 1992).

Recently (Ishii et al., 2004) furthered the research by (Park et
al., 2001)) on an isolated Gram-negative bacterium from the
surface water of Lake Suwa and identified is as an aerobic
bacillus (rod) and a member of the genus Sphingomonas. They
discovered that this bacterium 7CY was able to degrade MCYST-
LR, -LY, -LW and -LF completely within 4 days from a starting
concentration of 6 ug / ml, but was unable to degrade nodularin-
Har during the course of the experiments. In contrast, 7CY can
degrade nodularin-Har when in the presence of MCYST-RR and
both completely degrade within 6 days. This suggests that some
compounds may require the presence of others in order for
bacterial degradation to occur; it could also be that some
compounds induce enzymes during their degradation process
that are then capable of utilizing other compounds for nutrition
(Ishii et al., 2004). As there are so many potential factors
affecting the rate of degradation, major problems occur when
comparing various aquatic systems.

When comparing our findings with other research within this
area the process becomes very complicated as each microbial

population will vary even if it is taken from the same source,
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since seasonal variation and climate conditions change yearly
effecting the possible microbial proportions or diversity.
Therefore comparing the rates of degradation between studies
only gives an indication as to whether one microbial population
is more efficient or has a higher affinity for toxic compounds
than another. If specific bacteria capable of degradation from a
microbial population have been isolated, comparing the
efficiency of a species will be more reliable and a better
indication of how persistent toxins will be when the species in
the microbial population has been identified.

The half life's (extrapolated from Figures 4.1 - 4.8) for the
degradation of MCYST / NOD both individually or as a mixture in
the three waters tested in this study are shown in Table 4.4,
with water from Rescobie exposed to only MCYST-LR having a
half life of 5 days which is some 2 x faster degradation than that
observed in both Forfar and Carron waters. This is comparable
to previous research (Christoffersen et al., 2002) where half
lives of around 4 days were observed for water with a previous
history of toxic cyanobacteria. A similar trend was also
observed in the water exposed to only MCYST-LF although the
half life was double in comparison to that observed for MCYST-
LR it was still around 2 x faster however than the half lifes

observed in both Forfar and Carron for the same conditions at 9
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days compared to 16 and 21 days, respectively. This is probably
due to the fact that the microorganism population of Rescobie
has had prior exposure to MCYST-LR and MCYST-LF on
numerous occasions due to the M. aeruginosa blooms present
within this loch. A similar trend was not however observed in the
water samples subjected to NOD as both Rescobie and Forfar,
have a very similar half life of 15 and 19 days, respectively. This
is probably due to the fact that neither population has had prior
exposure to this type of hepatotoxin. The population of
heterotrophic bacteria present in the river Carron water sample
however was found, to be unable to cause any degradation of

NOD.

Compound half-life (days)

Loch [D-Asp®] MCYST- NOD MCYST- MCYST- MCYST-
Rescobie RR LR LW LF
MC-LR 5

MC-LF 9
NOD 15

4MC+NOD 16 17 13 18 17
Forfar Loch

MC-LR 10

MC-LF 16
NOD 20

4MC+NOD 12 12 13 13 13
River Carron

MC-LR 11

MC-LF 21
NOD N/D

4MC+NOD N/D N/D >24 >24 N/D

Table 4.4

Degradation of four MCYSTs and nodularin when added in three water
samples as either a single compound (MC-LR, MC-LF or NOD) or a
mixture (containing 4 MCYSTs and NOD) (N/D is No degradation).
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The presence however of a mixture of MCYST / NOD had quite
the reverse effect on the trend observed between Rescobie and
Forfar as the half lives observed in the Forfar samples were
considerably lower than those of Rescobie by ~5 days. Only the
MCYST-LR was more comparable as the microbial population has
probably had previous exposure to this compound. One possible
reason that Loch Forfar gives a shorter half life when mixtures of
toxins are present is that it has a diverse microbial population
that is more adaptable to stress and the population has been
previously exposed to higher levels of contaminants over the
years. Also the microbial population of the river Carron water
with no previous exposure history to such compounds is totally
unable to degrade such compounds when they are in a mixture
possibly because of the stress on the bacteria or in an inhibitory
effect.

No previous pretreatment or pre exposure studies using MCYSTs
and NOD have been documented to have a profound affect on
the ability of a microbial population to breakdown such
compound. This was why further laboratory experiments were
carried out on samples that had previously been exposed in the
laboratory to either one or a mixture of MCYSTs / NOD. The half
life for the rates of degradation for these experiments is

compiled in Table 4.5, where it can be clearly seen that the
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microbial population of loch Rescobie is not as capable of
degrading a mixture of MCYST/NOD as the microbial population
present in the Forfar loch. When comparing the half lives of Loch
Rescobie water samples initially exposed to MCYST-LR, -LF or
NOD prior to the addition of MCYST / NOD mixture. There was
no indication that such exposure increased the microbial
population’s affinity to these single toxins (MCYST-LR, -LF or
NOD) above those with no previous exposure. However prior
exposure to the mixture substantially decreases the half life for
four out of the five compounds compared to the initial half lives.
Forfar water samples behaved very differently to that of
Rescobie, as previous exposure whether to single or multiple
toxins, resulted in them all behaving in similar manor. The
average half life for all five compounds in the four different
pretreatments is ~5 days at least half than that observed for

initial exposure rates.
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Pre-exposure® Compound half-life (days)

Loch Rescobie [D-Asp®] MCYST- NOD MCYST- MCYST- MCYST-

RR LR LW LF
MC-LR 8 >15 13 >15 >15
MC-LF 11 14 >15 >15 >15
NOD 7 12 >15 >15 14
4MC+NOD 8 11 10 12 10
Forfar Loch
MC-LR 5 5 11 6 6
MC-LF 5 5 5 6 5
NOD 5 4 5 5 5
4MC+NOD 5 5 5 5 5
River Carron
MC-LR >15 >15 >15 >15 >15
MC-LF >15 >15 >15 >15 >15
NOD >15 >15 >15 >15 >15
4MC+NOD >15 >15 >15 >15 >15
Table 4.5

Degradation of four MCYSTs and nodularin when added in three water
samples that have been pre-exposed to either a single compound
(MCYST-LR, -LF or NOD) or a cocktail containing four MCYSTs and
nodularin (N/D is No degradation).? Each sample was pre-exposed to
the compounds or cocktail for a period of 30 days prior to the addition
of a mixture of four MCYSTs and nodularin.

These findings clearly identify that the microbial diversity of a
water body not only can improve its toxin degradation ability but
also that prior exposure to multiple toxins increases a
population’s ability to degrade complex compounds. Compounds
like MCYST/nodularin are well documented to have toxic side
affects on mammals however they have also been shown to
cause an inhibitory effect on microbial respiration as indicated
by reduction in bioluminescence of some bacteria (Lawton et al.,
1990). This inhibitory effect may also occur in many other

bacteria even those able to carry out biodegradation if the levels
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are high enough or if more than one variant is present.

Further work in this area should focus on the chemistry of micro
organisms and / or consortia of microbes that are capable of
degrading MCYST with the view to their exploitation in water

treatment.
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Chapter 5

Photocatalysis of MCYST
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5.1 Introduction

Increasing concern about cyanotoxins in drinking water has
prompted research to evaluate the effectiveness of current
water treatment approaches and to develop new method of
treatment. Previously, research has identified that
photocatalysis using TiO, and ultraviolet (UV) light effectively
removes MCYST-LR and other MCYSTs effectively from water
(Robertson et al., 1997) even at concentrations of 200 ug / ml.
MCYSTs were reported to be undetectable by HPLC within a 40
min period. This approach to water treatment also effectively
degrades many other unwanted compounds that may occur in
drinking water (Eggins et al., 1997;Mills et al., 1996). Research
found that TiO; in water under illumination of UV light was able
to degrade a wide range of organic pollutants e.g. humic
substances. The TiO, produces oxidizing radicals which are
believed to degrade compounds as they are more oxidizing than
any other reagents currently being used in potable water

treatment (Robertson, 1996).

TiO2 has been well documented in many photocatalytic studies,
with a relatively high reactivity and chemical stability under UV

light that is greater than the bandgap energy of the catalyst
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(wavelength A <380 nm). This causes electrons and holes to be
produced in the conduction and valence bands respectively, with
the electrons having a highly reactive reduction potential while
the holes have a highly oxidative potential and together cause
catalytic reactions on the catalyst surfaces namely
photocatalytic reactions (Anpo, 2000). Photocatalysis has also
been referred to as artificial photosynthesis but unlike
photosynthesis it is only able to make use of 3 - 4 % of solar
beams that reach earth (Anpo, 2000). Therefore the
development of photocatalysts that are able to vyield high
reactivity under visible light (A >380 nm) is highly desirable in
order to utilize the main part of the solar spectrum. This would
result in photocatalysts having a much higher application
potential, potentially giving an environmentally sustainable way
of chemically cleaning pollutants or pollution. The ability to
utilize solar energy much more efficiently also would result in
lower running costs in comparison to UV catalysts that require
light of a specific wavelength to bridge the bandgap. Restricting
use to UV activation makes their use in large scale treatment
processes (water) very costly, especially when there is an
abundance of natural energy available (solar energy) that could
be used if visible light catalysts were as effective.

While TiO, / UV has proved extremely successful at removing
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MCYST there is some resistance to full exploitation possibly due
to the cost of providing UV light which is energy demanding.
Research into visible light activated catalysts is therefore very
important to future exploitation of TiO, in water treatment.
Although the effectiveness of TiO, (P25 Degussa) and UV
illumination has been well documented as an effective method of
degrading many unwanted compounds dissolved in potable
water the cost of implementing and running such a system on a
large scale can be prohibitive and research into new and novel

catalysts is ongoing.

This chapter presents studies carried out using novel visible light
catalysts, to determine if they have the potential to degrade
MCYST-LR under visible light illumination. Their ability and
effectiveness was compared to previous documented research
on UV photocatalysts. Ideally their rates of photocatalysis have
to be comparable with those of UV catalysts but with the lower

energy demand of using visible light or even sunlight.
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5.2 Methods

5.2.1Visible light activated catalysts

Novel visible light activated catalysts were developed by Prof.
Horst Kisch (Institute Fir Anorganische Chemie, Universitat
Erlangen-Nirmberg, Erlangen) which incorporated specialised
dopants the nature of which is commercially sensitive. In total
four newly developed catalysts (KSHGL-104/9765, KSH-AYYQ-
PT, TH New and KSH Burg) were irradiated with visible light and
their photocatalytic activity analysed. Degussa P25 (a known UV
photo catalyst) was used as a control throughout all the visible
light experiments as photocatalysis only occurs when exposed to
wavelengths (A) in the UV spectrum (Robertson et al., 1997).
Any photocatalysis observed under control conditions would
indicate the presence of wavelengths <380 nm and a possible

failing in the experimental design.

5.2.2Preparation of MCYST-LR solution

The cyanobacterial toxin MCYST-LR was extracted from cells of
M.aeruginosa PCC7820 (Pasteur Institute, Paris, France) by the
Cyanobacterial research Group (The Robert Gordon University,

Aberdeen, UK). Four vials containing 1.6 mg of dry frozen (-20
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0C) MCYST-LR (99 % pure) was reconstituted in Milli-Q water
through a process of sequential washing (where 1 ml was added
followed by 1 min vortexing) ten times. Each vial was then
washed a further two times with 10 ml of Milli-Q water and
vortexing until a final volume of 120 ml with a concentration of
0.05 pg / ml was achieved. The solution was then stored at 4°C
in an air tight 150 ml glass bottle and used to carry out
experiments; with 5ml aliquots removed and allowed to reach

room temperature prior to experiments being carried out.

5.2.3 Photocatalysis of MCYST-LR by visible light catalysts

The sample was placed in a 20 ml glass vial with constant
stirring at a distance of 30 cm from the front of the light source
(standard 500 W Halogen outdoor light) protected by a UV filter
(200mm square, Cambridge instruments) giving a light intensity
of 393 pmol s* m™ (Figure 5.1). The lamp was switched on for
30 min prior to experiments; a sample was removed (150 pl)
from the starting solution of MCYST-LR prior to the addition of
catalyst (To sample). The catalyst (1 % w/v),(Robertson et al.,
1997) and MCYST solution were mixed for 5 min to equilibrate
and a sample removed prior to exposure to the light source

(To+cat sample). The reaction mixture was illuminated and a
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sample (150 pl) removed at 10 min intervals for the first 60 min
and at 20 min intervals there after until 120 min was reached.
On removing the samples they were immediately centrifuged
(12,000 x g) for 5 min and then 100 ul of the supernatant
removed for analysis by HPLC. Samples were stored in the dark

prior to analysis by HPLC (Section 2.2.6).

VERSION 1.0
UV Filter
Glass Vial /
30 cm N
— I - _\
MCYST-LR
+ Catalyst Halogen
" Lamp
(1
Magnetic
Stirrer
-
,—/
Figure 5.1

TiO, Photocatalysis Version 1.0 in which a halogen light source (393
pumol s m™) with UV filter provided constant illumination to a solution
of MCYST-LR (0.05 pg / ml) which contained catalyst (1 % w/v) under
constant stirring.
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5.2.4 Photocatalysis of MCYST-LR by visible light using a
UV and IR filter
Changes were made to Version 1.0 of the photocatalytic reaction
apparatus by the addition of an IR filter (from a 1980, Perkin
Elmer instrument) in front of the UV filter to limit temperature
variation between the start and end of the experiment. Also a
fan was introduced to dissipate the heat from the sample during
the 2 hr experiment (Figure 5.2, Version 2.0); all the other
parameters remained as detailed in section 5.2.3 using MCYST-

LR solution prepared as per section 5.2.2.

VERSION 2.0
IR Filter
MCYST-LR /
+ Catalyst w | ¢ UV Filter
30 cm s N
B n N
EE Halogen
Air Flow EE // Lamp
from Fan n oy
Magnetic EE -
Stirrer EE -~

Figure 5.2

TiO, Photocatalysis Version 2.0 using a halogen light source

(393 pmol s m™) with IR and UV filters and a solution of MCYST-LR
(0.05 pg / ml) containing catalyst (1 % w/v) under constant stirring
and cooled by a desk fan.
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5.2.5 Catalytic degradation using a liquid UV filter

Photocatalytic setup Version 2.0 was further modified by the
addition of a sodium nitrite (2%) liquid filter surrounding the
sample. This absorbed any remaining UV light not already
removed by the solid UV filter directly in front of the light
source. It also provided an additional temperature control;
reducing the possibility of heat induced catalytic activity, in
addition to the air cooling already in place during the 2 hr
experiment (Figure 5.3). All the other parameters remained as

detailed in section 5.2.3 and using MCYST-LR 0.05 pg / ml.

VERSION 3.0

MCYST-LR
+ Catalyst ,/

w || €— UV Filter

IR Filter

2% Sodium R
Nitrite 30 cm T
Halogen
Air Flow " // Lamp
from Fan " “
Magnetic -
Stirrer n

Figure 5.3

TiO, Photocatalysis Version 3.0 used a halogen light source (393 umol
s m™) with IR and UV filters and a solution of MCYST-LR (0.05 ug /
ml) containing catalyst (1 % w/v) under constant stirring. With the
sample surrounded by a 2% solution of sodium nitrite to absorb
remaining UV not removed by the solid filters and cooled by a desk
fan.
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5.2.6 Photocatalysis under various light intensities

The ability of visible light catalysts to degrade MCYST-LR was
then tested further by using version 3.0 setup and altering the
light intensity. This was achieved by altering the distance
between the light source and the sample to 30, 60 and 90 cm
resulting in the light intensity changing from 393, 117 and 53

2 respectively as the distance increased. The light

umol st m
intensity decreased with distance following the reported
behaviour where light intensity is proportional to the distance
squared (Newman, 2007 ).

Intensity I = 1/R?

5.2.7 Evaluation of photocatalysis of MCYST-LR by
modified P25 under UV light

Degussa P25 and modified Degussa P25 (modified by laser
treatment so additional Ti(III) defects are introduced into the
matrix as well as a greater percentage of rutile material
(approximately 50% rutile / 50% anatase as opposed to the
25% rutile and 75% anatase in P25 (Robertson et al., 1997))
catalyst were tested for their ability to degrade MCYST-LR in the
presence of UV light using the following set up shown in figure
5.4. This was to determine if laser modifications to P25 would
alter degradation rates significantly compared to those observed

with standard P25 under UV light.
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VERSION 4.0

MCYST-LR
+ Catalyst

30 cm L
@//
—

4
v

Deuterium
Lamp

Air Flow
from Fan

Magnetic
Stirrer

Figure 5.4

TiO, Photocatalysis Version 4.0 using a deuterium light source with a
solution of MCYST-LR (0.05 pg / ml) containing catalyst (1 % w/v)
under constant stirring.
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5.3 Results and discussion

5.3.1Degradation of MCYST-LR

Visible light catalysts that have been tested in this chapter may
be the next step in environmentally sustainable chemical
cleaning; therefore it was imperative that the experimental
design only allowed exposure to visible light and not UV. It was
also deemed necessary to test each experimental design using a
control sample of TiO, (Degussa P25) as visible light is unable
bridge the bandgap required for photocatalysis to occur. Initial
experiments used version 1.0 in which two new catalysts were
tested along with the control (Deggusa P25) (Figure 5.5). The
effect of dark adsorption (adsorption of compound by the
catalyst) was clearly observable which meant a proportion
(about 20%) of MCYST-LR adsorbed to the surface of the
catalyst changing the detectable level from Tg to Tp+cat , With
further decreases from Toicat @S a result of degradation and not
dark adsorption. The most significant degradation was observed
by catalyst KSH AYYQ-PT as only 28 % of MCYST-LR remained
after 20 min. As for the other two catalysts P25 and KSH
104/9765 after 20 min 54 and 70 % remained respectively. The
observation that degradation occurred for P25 suggests that not

all the UV light had been eliminated. This experimental design
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was not capable of stopping all the UV light from reaching the
test condition as bridging of the bandgap must have been
occurring in order for degradation of MCYST-LR to occur in the

P25 condition.
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Figure 5.5

Photocatalytic degradation of MCYST-LR in the presence of P25 (A),
KSH AYYQ-PT (B) and KSH 104/9765 (C) using halogen light at an
illumination of 393 pumol s m™ filtered through a UV filter (Version
1.0).
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Therefore further tests were carried out using P25 and the
system was modified by addition of an IR filter Version 2.0, to
eliminate sample heating which also might have affected the
stability and rate of MCYST degradation. Therefore P25 catalyst
was tested using the same light intensity (393 umol s m™) only
with the presence of UV and IR filters between the sample and
the light source. However the rate of degradation with P25
catalyst over a 20 min period actually increased to leave only 34
% MCYST-LR remaining after 20 min (Figure 5.6, A), for this
reason the P25 catalyst was then tested under dark conditions
to determine if the catalyst was reacting to the solution of
MCYST-LR with no activating light source (Figure 5.6, B). Under
dark conditions there was no catalytic activity observed as
expected, suggesting that UV light was passing through to the
sample even with both filters was present. The only other source
would be from the surrounding environment in which the
experiment was being carried out; therefore the experiment was
repeated using P25 and MCYST-LR solution under constant
stirring on the open bench with no light on. The result from this
experiment in (Figure 5.6, C) clearly shows that under normal
laboratory bench conditions the P25 catalyst is unable to
breakdown MCYST-LR. This result proved that the experimental

set up in Version 2.0 was unable to eliminate all UV light
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reaching the sample being tested at 30 cm from the light

source.
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Figure 5.6

Photocatalytic degradation of MCYST-LR in the presence of P25 m (A)
halogen light at an illumination of 393 pmol s* m?, (B) Dark
conditions with no illumination and (C) Standard laboratory bench
conditions with no halogen illumination (Version 2.0).
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Further UV filtering was achieved through the introduction of a
liquid filter (2 % sodium nitrite) as in Version 3.0 to absorb any
residual UV, preventing it from activating the catalysts. After
introducing the liquid UV filter the system was tested with P25
catalyst in the presence of 393 pmol s-1 m™ illumination from
the halogen light, after initial dark adsorption 46% of MCYST-LR
remained detectable. The sample was subjected to a period of
120 min exposure with samples taken at the time points stated
in (Section 5.2.3). The results were plotted in (Figure 5.7) and
fluctuations between time points were considered to be as a
result of equilibration between MCYST-LR and the catalyst not

degradation as previously observed in other experiment.
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Figure 5.7

Photocatalytic degradation of MCYST-LR in the presence of P25 m
using a 2 % sodium nitrite UV filter and 393 pmol s™ m™ illumination
by the halogen light source with a solid UV and IR filter in place
(Version 3.0).
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This experiment proved that no UV light activation could occur in
the system and therefore testing for visible light activation of
the novel catalysts could proceed with confidence that any
observed degradation was in fact due to visible light activation.
Four catalysts were then tested using the set up detailed in
Version 3.0 and the results are shown in Figure 5.8, with P25
catalyst was used as a control as no degradation of MCYST-LR
should occur if there is no UV light present. This was the case,
as no degradation of MCYST-LR was observed in the P25
catalyst test (P25 control results not shown). The results in
Figure 5.8 clearly show how different catalysts have different
adsorptions, resulting in variation of Tgpicat. KSH-AYYQ-PT (PT)
has the highest initial binding ability with 83 % followed by KSH-
Burg 58%, P25 54%, KSH-GL-104/9765 37% and finally THNew
20%. The rates of degradation from Toicat also varied quite
considerably with the fastest rate of degradation caused by
KSH-Burg where less than 10% remained after 20 min of
exposure to visible light. It also achieved complete degradation
within 60 min, compared to KSH-AYYQ-PT and KSH-GL-
104/9765 where 8 and 19% remained after 60 min respectively.
The THNew catalyst was considerably slower and after 60 min
71% of MCYST-LR remained and after 120 min more than half of

the MCYST-LR still remained.
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Figure 5.8

Photocatalytic degradation of MCYST-LR by four new visible light
catalysts; KSH GL 104/9765 (A), KSH-AYYQ-PT (B), THNew (C) and
KSH Burg (D), showing the percent remaining after 120 min of
exposure to visible light at 393 umol s* m™ (Version 3.0).
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The catalysts KSH GL 104/9765 and KSH Burg were however
very impressive degraders and significant photocatalysis
occurred during the 120 min of the experiment using the version
3.0 system. However their rate of degradation varied quite
considerably with KSH GL 104/9765 being much slower although
it was consistently dropping over time it was unable to match
the rate of KSH Burg which reached 100% photocatalysis within
40 min. Such a rate of photocatalysis by the visible light KSH
Burg is almost comparable to the rate of degradation observed

under UV illumination for P25.
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Figure 5.9
Comparison of the photocatalytic degradation of MCYST-LR in the

presence of KSH Burg m under visible light illumination by a halogen

light source (version 3.0) and P25 e under UV illumination by a
deuterium light source (Version 4.0).
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The main difference between these being that after 10 min in
the presence of P25 under UV light 100 % of MCYST-LR had
been photocatalysed and <20 % of MCYST-LR still remained in
the KSH Burg (visible light) samples from a starting
concentration of 50 pg / ml (Figure 5.9).

As the most efficient catalytic activity was observed by KSH-
Burg, further work was carried out at a lower light intensity of
53 and 117 pmol s* m™ in order to determine how this would
affect the rate of degradation. This experiment was set up as
per Section 5.2.6 and the results are shown in Figure 5.10,
where the results show that as the intensity of visible light
decreases the rate of degradation decreases but not
substantially. The time required to reach just 20 % MCYST-LR
remaining, also reflects the change to the rate of degradation as
it took 11, 19 and 33 min for 393, 117 and 53 pmol s™* m™ light
intensity, respectively. Therefore the rate of catalytic
degradation by KSH-Burg is directly related to the intensity of

visible light available.
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Figure 5.10
Photocatalytic degradation of MCYST-LR in the presence of KSH-Burg

at 393 pmol s m?2 m, 117 pmol s* m™? e and 53 pmol s m? A
ilumination by a halogen light source with a liquid/solid UV and IR
filter in place (Version 3.0).

5.3.2Degradation of MCYST-LR using modified P25 and
UV light
The last catalyst to be tested was a modified P25 catalyst,
although P25 has already been well documented for its ability to
degrade MCYST-LR in the presence of UV light. A new modified
P25 (Section 5.2.7) was tested to compare the rates of photo
degradation to that of P25 and determine if the modifications
have improved or deteriorated the TiO, degradation potential.

Both catalysts were tested using the experimental design as per
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Version 4.0 with a deuterium lamp the rate of degradation for
both the modified P25 and P25 showed no significant differences

(Figure 5.11).
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Figure 5.11

Photocatalytic degradation of MCYST-LR in the presence of modified
P25 m and P25 e under UV illumination by a deuterium light source
(Version 4.0).

In this study the successful investigation using version 3.0,
where samples were only subjected to visible light and not UV.
Any photocatalytic degradation caused by the new catalysts was
as a direct result of the visible light being greater than the
bandgap energy for these new catalysts and not from UV
irradiation. The four new visible light catalysts that were tested

in this chapter all showed some photocatalytic ability, but the
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rates of photodegradation by KSH-AYYQ-PT and TH New were
less than favourable and although the dark absorption in each is
very different from very low to very high neither have a
bandgap that is able to utilize wavelength A > 380 nm.

Although photocatalysis research started in the early 1970s and
a wide variety of applications such as self cleaning glass, anti-
bacterial, anti-viral, fungicidal, anti-soiling, self cleaning
deodorizing, air-purification, water-treatment and water-
purification have been suggested; it has really been the
environmental applications that have stimulated the
development of photocatalysts. The main photocatalyst has
been TiO, because of its stability under UV light and lack of
toxicity (even in large quantities). However, TiO, has been
hampered by its wide bandgap (3.2 eV) from widespread
applications due to its requirement for UV radiation (A <380 nm)
required for photocatalytic activation as only a small proportion
of the solar spectrum consists of UV light. Using UV light has
many problems associated with it; along with high running costs
there are the practical difficulties of providing large or sufficient
quantities for industrial applications and it cannot be used
without potential hazards to the operator.

This has increased attempts to shift the onset of the TiO,

destruction from UV to the visible region by doping (addition of
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functional groups, transition metals or Hydrogen) the catalyst
with transition metals or by hydrogen reduction (Kumar et al.,
2005). In addition to the transition metals other attempts have
been made to photosensitize TiO, with a variety of coloured
organic (dyes) and inorganic chemicals, albeit with very limited
success (Kumar et al., 2005). The implantation of metal ions
identified that it was possible to enable a lowering of the energy
for the conductance band for TiO,. The comparative sequence of
metal ions V>Cr>Mn>Fe>Ni correspond with their effectiveness
in shifting the photocatalytic response to the visible light
irradiation (A > 450 nm)(Kumar et al., 2005). However metal
ions of Ar, Mg or Ti had no effect of the conduction band energy
requirements and the development of a catalyst capable of
lowering the conductance band to give effective photocatalysis
may prove difficult. Although more recently ground breaking
studies have produced TiO,.xNx films that react to visible light
and have similar photocatalytic activity to that of TiO, under UV
light, resulting in renewed interests in visible light photocatalysis
(Kumar et al., 2005).

Although extensive research has be carried out using UV
photocatalysts the development of effective visible light
photocatalysts is still very much in its infancy and very little

research has been carried out on their photocatalytic ability of
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environmental contaminants as studied in this chapter. KSH
Burg and KSH GL 104/9765 are shown to have the ability to
photocatalyse MCYST-LR by visible light activation of the new
catalyst bandgap within the 120 min analysis period. This is the
first report of MCYST TiO, photocatalysis using visible light
activated catalysts. It was also noted that variations in the
visible light intensity did not substantially affect the rate of
photocatalysis. Even the lowest light intensity of 53 pmol s™* m™
reached over 95% degradation within the 120 min analysis time
period suggesting moderate light intensity is sufficient for
effective degradation. This type of result with varying light
intensity on the photocatalytic ability of visible light activated
catalysts has not been documented to date and is a major
concern when dealing with solar energy as light intensity will
fluctuate and an activation range would really need to be
investigated further.

In conclusion the future of visible photocatalysis is very much in
its infancy and there are still major developments that need to
be investigated, although the results from the new catalysts
tested in this chapter are very promising. Further research into
these visible light catalysts and their mode of action would be
very beneficial and ideally determine if there is a maximum

concentration and how they deal with a mixture of complex
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environmental pollutants. Research by (Chen et al., 2007;Moon
et al., 2003;Sun et al., 2005) all indicated that deposition of
platinum on TiO, promoted the optical absorption into the visible
region making it suitable for excitation by visible light. Other
areas for further investigation are how temperature and pH
affects visible light photocatalysis. The potential and
effectiveness of these catalysts has wide reaching implications,
as future regulations on pollutants in the environment become
more stringent it is essential to develop more efficient and less
harmful methods of treatment. Further research in this field
would be beneficial in understanding the true potential for large
scale development, possibly in areas such as water treatment.
As this study has also only focused on the degradation of one
MCYST studies on the effective degradation of other such

compounds would also prove very beneficial.
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Chapter 6

Conclusion
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6.1 Concluding remarks

This research initially set out to investigate and develop an
understanding of the toxic secondary metabolites (MCYSTs)
produced by cyanobacteria. In particular the focus was on
cultures of M. aeruginosa PCC7820 known to produce four
MCYST variants whose function has yet to be elucidated. Many
theories exist as to why toxic strains are usually more prolific,
ranging from protection against grazers or potentially
compounds used to facilitate the uptake of nutrients from their

surrounding environment under limited conditions.

This study identified that increasing inorganic carbon through
the addition of NaHCOs3 caused significant reductions in the level
of MCYST, with further investigations eliminating the possibility
that the effects were not as a result of the elevation in Na™ ions.
Although to truly measure the effects of increased inorganic
carbon minimal interference from either buffers or other
parameters is preferential. Direct sparging with air enriched with
5% CO, was the preferred method to provide increased
inorganic carbon. The experimental design was crucial utilizing
standard medical materials (Cannula) to assist in improving

sampling and reducing potential for contamination. Automation
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also provided the ability to accurately carry out pulse
experiments over various time periods and reduce analytical
variation. Accuracy, quality and consistency all provide
confidence in the results. This study however found that direct
sparging with air enriched with inorganic carbon increased
MCYST levels even when expressed as a proportion of the net
protein, indicating that selective synthesis occurs in favour of
MCYSTs. Analysis of a range of parameters (e.g. cell numbers,
protein and biomass) proved beneficial in understanding certain
activities either directly or indirectly. This study identified
increasing the level of inorganic carbon with air enriched with
5% CO; resulted in an increase in MCYST-LR, -LW and -LF levels
produced in M. aeruginosa PCC7820. While levels of MCYST-LY
were decreased, further research is now required to evaluate the
regulatory mechanisms affected by increased CO, availability as
cultures seam to become more toxic in elevated CO, conditions.
Recent progress in the use of transcription of the MCYST genes
may be relevant to this work. Especially with respect to global
climate change and the threat of fresh waters becoming
increasingly eutrophicated it is essential that further studies are
undertaken to evaluate the combined effect of elevated
nutrients, temperature and CO,. Interestingly in this research

altering the form of available inorganic carbon from bicarbonate
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to CO, altered the levels of MCYSTs present in cultures of
M.aeruginosa PCC7820. As the presence of NaHCOs; decreases
MCYST levels and CO, increases MCYST levels but from our

findings increasing the Na* ions had no affect on MCYST levels.

The persistence of these MCYST secondary metabolites in the
environment is a potential problem as persistent compounds
usually require elaborate and complicated methods of treatment
that are inevitably costly. The process of natural degradation
has only recently had attention as more research groups try to
identify species capable of such breakdown with the potential to
develop them possibly commercially or understand if they can
be used safely to treat acutely contaminated waters. It also
helps in the development of models to predict how long natural
degradation may take and calculate the advantages of treatment
over that of natural degradation. This research identified that
the prior history of a water body and exposure to stable complex
compounds can alter a microbial populations degradation
potential. In particular water taken from and area with no prior
history of cyanobacterial blooms but down stream of sewage
treatment, had higher degradation potential than those only
previously exposed to cyanobacterial blooms. Therefore

pretreatment or prior exposure plays a major role in shaping the
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microbial populations within water bodies, although altering
such natural microbial diversity in order to achieve new water
treatment regulatory levels may not always be the best option.
The environmental impact or affect on other life forms needs
extensive investigation as damage can be irreparable if non
native species are introduced, developing an efficient but

controllable method would seam a more practical solution.

Although natural degradation is certainly an ideal way for the
disposal of such toxic compounds the development of an
advance treatment approach may be necessary. TiO;
photocatalysis has relatively recently been explored for
industrial application of water management but require costly
UV light which may have reduced the take up of this technology.
Therefore recent work developing new and novel catalysts which
have equal or better activity at degrading such compounds as
MCYSTs are of great interest. While using only visible light as
the activation energy and not UV, this study has identified a few
novel visible light catalysts which rival the degradation potential
of Degaussa P25 under UV light. Further work will now be
carried out to determine the performance of these novel

catalysts in natural waters.
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It may be predicted that the health hazards associated with
toxic cyanobacterial blooms will be of increasing concern in
years to come especially with pressure on the availability of
freshwater. A good understanding of the factors influencing
bloom toxicity and ways to remediate the problems (e.g.
biodegradation and / or water treatment) will be essential to

support water resource management.

203



References

An ], Carmichael WW. 1994. Use of a colorimetric protein
phosphatase inhibition assay and enzyme linked
immunosorbent assay for the study of microcystins and
nodularins. Toxicon 32: 1495-507

Anpo M. 2000. Utilization of TiO, photocatalysts in green
chemistry. Pure Appl. Chem 72: 1265-70

Baflares-Espafia E, Lopez-Rodas V, Salgado C, Costas E, Flores-
Moya A. 2006. Inter-strain variability in the photosynthetic
use of inorganic carbon, exemplified by the pH
compensation point, in the cyanobacterium Microcystis
aeruginosa. Aquatic Botany 85 (2006) 159-162 85: 159-
62

Bafares-Espafa E, Lo’ pez-Rodas V, Costas E, Salgado C,
Flores-Moya A. 2007. Genetic variability associated with
photosynthetic pigment concentration, and photochemical
and nonphotochemical quenching, in strains of the
cyanobacterium Microcystis aeruginosa. FEMS Microbiol
Ecol xx: 1-7

Belkin S, Boussiba S. 1991. Resistance of Spirulina platensis to
Ammonia at High pH Values. Plant and Cell Physiology 32:
953-8

Blackburn SI, McCausland MA, Bolch CJS, Newman SJ, Jones GJ.
1996. Effect of salinity on growth and toxin production in
cultures of the bloom-forming cyanobacterium Nodularia
spumigena from Australian waters. Phycologica 35: 511-
22

Blanco-Rivero A, Leganés F, Fernandez-Valiente E, Calle P,
Fernandez-Pifilas F. 2005. mrpA, a gene with roles in
resistance to Na® and adaptation to alkaline pH in the
cyanobacterium Anabaena sp. PCC7120. Microbiology 151:
1671-82

204



Bourne DG, Jones GJ, Blakeley RL, Jones A, P. Negri AP, Riddles
P. 1996. Enzymatic pathway for the bacterial degradation
of the cyanobacterial cyclic peptide toxin microcystin LR.
Applied and Environmental microbiology 62: 4086-94

Brock TD. 1973. Lower pH limit for the existance of blue-green
algae: evolutionary and ecological implications. Science
197

Carmichael WW. 1994. The toxins of Cyanobacteria. Scientific
American: 2-9

Chen H-W, Ku Y, Kuo Y-L. 2007. Effect of Pt/TiO, characteristics
on tempral behavior of o-cresol decomposition by visible
light-induced photocatalysis. Water Research 41: 2069-78

Cherry RS, Hulle CT. 1992. Cell death in the thin films of
bursting bubbles. Biotechnol, Prog 8: 11-8

Chorus I, Mur L. 1999. Preventative measures Chapter 8, pp.
235-273. In Toxic cyanobacteria in water- a guide to their
public health consequences, monitoring and management,
ed. JB I.Chorus, pp. 235-73: E&F Spon for World health
organization

Christoffersen K, Lyck S, Winding A. 2002. Microbial activity and
bacterial community structure during degradation of
microcystins. Aquatic Microbial Ecology 27: 125 - 36

Codd GA, Poon.G.K. 1988. Cyanobacterial toxins. In
Biochemistry of the algae and cyanobacteria, ed. JRG Eds.
L.T.Rodgers, pp. 283-96. Oxford: Oxford Science
Publications

Coleman JR. 1991. The molecular and biochemical analyses of
CO,-concentrating mechanisms in cyanobacteria and
microalgae. Plant. Cell and Environment 14: 861-7

205



Cornish B. 2000. The destruction of the cyanobacterial toxin
Microcystin-LR by semiconductor photocatalysis. PhD
thesis. The Robert Gordon University Aberdeen. 220 pp.

Cousins IT, Bealing DJ, James HA, Sutton A. 1996.
Biodegradation of microcystin-LR by indigenous mixed
bacterial populations. Water Research 30: 481 - 5

Dow CS, Swoboda UK. 2000. Cyanotoxins. In Cyanotoxins in
ecology of cyanobacteria; Their diversity in time and
space, ed. BA Whitton, M Potts. Netherlands: Kluwer
Academic Publishers

Dwivedi A, Srinivas UK, Singh KN, Kumar HD. 1994. Regulatory
effects of external pH on the intracellular pH in alkalophilic
cyanobacteria Microcystis aeruginosa and Hapalospiphon
welwitschii. Journal of General and Applied Microbiology
40: 261-3

Eggins BR, Palmer FL, Byrne JA. 1997. Photocatalytic treatment
of humic substances in drinking water. Water Research
31: 1223-6

Erhardt M, Von Do6hren H, Jungblut P. 1997. Rapid typing and
elucidation of new secondary metabolites of intact
cyanobacteria using MALDI-TOF mass spectrometery.
Nature Biotech 15: 906-9

Espie GS, Miller AG, Kandasamy RA, Canvin DT. 1991. Active
HCOs™ transport in cyanobacteria. Canadian Journal of
Botany 69: 936-44

Falconer IR. 1991. Tumor promotion and liver injury caused by
oral consumption of cyanobacteria. Environ. Toxicol. Water
Qual., 6: 177-84

206



Falconer IR. 1994. Health problems from exposure to
cyanobacteria and proposed guidelines for drinking and
recreational water. In Detection = methods  for
Cyanobacterial Toxins. Royal Society of Chemistry, ed. GA
Codd, TM Jefferies, CW Keevil, E Potter, pp. 3-10.
Cambridge

Gerloff GC, Fitzgerald GP, Skoog F. 1950. The isolation,
purification and culture of blue-green algae. Am. j. Bot 37:
216-8

Graham D, Lawton LA. 2001. Effect of inorganic carbon of
microcystin production.

Harada K, Kond F, Lawton LA. 1999. Laboratory anilysis of
cyanotoxins Chapter 13, pp. 369-399. In Toxic
cyanobacteria in water - A guide to public health
consequences, monitoring and management, ed. I Chorus,
J Bartram: E.&F. Spon for world Health Organization

Hesse K, Dittmann E, Bérner T. 2001. Consequences of imaired
microcytin production for light-dependent growth and
pigmentation of Microcystis aeruginosa PCC7806. FEMS
microbiology letters 37: 39-43

Holmes CFB. 1991. Liquid chromatography-linked protien
phosphatase bioassay; a highly sensitive marine bioscreen
for okadaic acid and related diarrhetic shellfish toxins.
Toxicon 29: 469-77

Holst T, Jorgensen NOG, Jorgensen C, Johansen A. 2003.
Degradation of microcystin in sediments at oxic and
anoxic, denitrifying conditions. Water Research 37: 4748-
60

Hrudey S, Burch M, Drikas M, Gregory R. 1999. Remedial
Measures Chapter 9, pp. 275-306: E&F Spon for World
health organization

207



IPCC. 2001. Indicators of the human influence on the
atmosphere. In Climate change - Synthesis report

Ishii H, Nishijima M, Abe T. 2004. Characterization of
degradation process of cyanobacterial hepatotoxins by
gram-negative aerobic bacterium. Water Research 38:
2667-276

Jahnichen S, Petzoldt T, Benndorf J. 2001. Evidence for control
of microcystin dynamics in Bautzen Reservoir (Germany)
by cyanobacterial population growth rates and dissolved
inorganic carbon. Arch.Hydrobiol. 150: 177-96

Jones GJ, Orr PT. 1994. Release and degradation of microcystin
following algicide treatment of a Microcystis aeruginosa
bloom in a recreational lake, as determined by HPLC and
protien phosphatase inhibition assay. Water Research 28:
871-6

Kaplan A, Schwarz R, Lieman-Hurwitz J, Ronen-Tarazi M,
Reinhold L. 1994. Physiological and Molecular Studies on
the Resonse of Cyanobacteria to Changes in the Ambient
Inorganic Carbon Concentration Chapter 15. In The
Molecular Biology of Cyanobacteria, ed. DA Bryant, pp.
469-85: Kluwer Academic Publishers

Klemer AR, Cullen ]J, Mageau MT, Hanson KM, Sandell RA.
1996. Cyanobacterial byoyancy regulation the paradoxical
roles of carbon. Journal phycology 32: 47-53

Kondo F, Ikai Y, Oka H, Ishikawa N, Watanabe MF, et al. 1992.
Separation and identification of microcystins in
cyanobacteria by frit-fast atom bombardment liquid
chromatography/mass spectrometry. Toxicon 30: 227-37

Kotak BG, Lam AK-L, Prepas EE, Hrudey SE. 1995. Variability of
the hepatotoxin microcystin-LR in hypertrophic drinking
water lakes. Journal phycology 31: 248-63

208



Krulwich TA. 1995. Alkaliphiles: 'basic' molecular problems of pH
tolerance and bioenergetics. Mol. Micorbiol 15: 403-10

Kuiper-Goodman T, Falconer I, Fitzgerald J. 1999. Human Health
Aspects. Chapter 4, pp. 112-153. In Toxic Cyanobacteria
in Water: A Guide to Their Public Health Consequences,
Monitoring, and Management . ed. IaB Chorus, ], pp. 416:
London and New York. E&FN Spon

Kumar PMR, Kartha SC, Vijayakumar KP, Abe T, Kashiwaba Y, et
al. 2005. On the properties of indium doped ZnO thin films
Semicond. Sci. Technol. 20: 120-6

Lahti K, Rapala J, Fardig M, Niemela M, K. S. 1997. Persistence
of cyanobacterial hepatotoxin,  microcystin-LR  in
particulate material and dissolved in lake water. Water
Research 31: 1005 - 12

Lambert TW, Boland MP, Holmes CFB, Hurdey SE. 1994.
Quantitation of the microcystin hepatotoxins in water and
environmentally relevant concentrations with the protien
phosphatase bioassay. Environ. Sci. Technol. 28: 753-5

Lawton LA, Edwards C, Codd GA. 1994. Extraction and high-
performance liquid chromatographic method for the
determination of microcystins in raw and treated waters.
Analyst 119: 1525-30

Lawton LA, Campbell DL, Beatie KA, Codd GA. 1990. Use of a
rapid bioluminescence assay for detecting cyanobacterial
microcystin toxicity. Lett. Appl. Microbiol. 11: 205-7

Lehtimaki J, Sivonen K, Luukkainen R, Niemald SI. 1994. The
effects of incubation time, temprature, light, salinity, and
phosphorus on growth and hepatotoxin production by
Nodularia strains. Arch. Hydrobiol. 130: 269-82

Liu Y. 2006. Effects of Salinity on the Growth and Toxin
Production of a Harmful Algal Species, Microcystis
aeruginosa. J. U.S. SJWP, 1: 91-111

209



Lowry OH, Rosebrough NJ, Farr AL, Randall R]. 1951. Protien
Measurment with the folin phenol reagent. 265-75

LukaE M, Aegerter R. 1993. Influence of trace metals on growth
and toxin production of Microcystis aeruginosa. Toxicon
31: 293-305

Lyck S, Gjglme N, Utkilen H. 1996. Iron starvation increases
toxicity = of  Microcystis  aeruginosa  CYA  228/1
(Chroococcales, Cyanophyceae). Phycologia 35: 120-4

MacKintosh C, Beattie KA, Klumpp S, Cohen P, Codd GA. 1990.
Cyanobacterial microcystin-LR is a potent and specific
inhibitor of protien phosphatase 1 and 2A from both
mammals and higher plants. FEBS 264: 187-92

Makowski A, Wardas W. 2001. Photocatalytic degradation of
toxins secreated to water by cyanobacteria and unicellular
algae and photocatalytic degradation of the cells of
selected microorganisms. Current Topics in Biophysics 25:
19-25

Mann NH. 1992. Photosynthetic Prokaryotes: Plenum Press
London. 275pp pp.

McCree KJ. 1972. Test of current definitions of
photosynthetically active radiation against leaf
photosynthesis data. Agric. Meteorol. 10: 443-53

McElhiney J, Lawton LA. 2005. Detection of the cyanobacterial
hepatotoxins  microcystins. Toxicology and Applied
Pharmacology 203: 219-30

Miller AG, Canvin DT. 1985. Distinction between HCO5 -and CO»-
dependent photosynthesis in the cyanobacterium
Synechococcus leopoliensis based on the selective
response of HCO3™ transport to Na*. FEBS 187: 29-32

210



Miller AG, Espie GS, Canvin DT. 1990. Physiological aspects of
CO, and HCOj5 transport by cyanobacteria: a review.
Canadian journal Botany 68: 1291-302

Mills A, Belghazi A, Rodman D. 1996. Bromate removal from
drinking water by semiconductor photocatalysis. Water
Research 30: 1973-8

Mirén AS, Garcia MCC, Gomez AC, Camacho FG, Grima EM,
Chisti Y. 2003. Shear stress tolerance and biochemical
characterization of Phaedactylum tricornutum in quasi

steady-state continuous culture in outdoor
photobioreactors. Biochemical Engineering Journal 16:
287-97

Moisander PH, McClinton E, Paer H. 2002. Salinity effects on
growth, photosynthetic parameters, and nitrogenase
activity in estuarine planktonic cyanobacteria. Microbial
Ecology 43: 432-42

Moon J, Yun CY, Chung K-W, Kang M-S, Yi J]. 2003.
Photocatalytic activation of TiO, under visible light using
Acid Red 44. Catalysis Today 87: 77-86

Mur LR, Skulberg OM, Utkilen H. 1999. Cyanobacteria in the
Environment. Chapter 2, pp.15-40. In In: Toxic
Cyanobacteria in Water: A Guide to Their Public Health
Consequences, Monitoring, and Management., ed. IaB
Chorus, ], pp. 416 pp: London and New York. E&FN Spon

Murphy RJ, Underwood AJ, Pinkerton MH, Range P. 2005. Field
spectrometry: New methods to investigate epilithic micro-
algae on rocky shores. Journal of Experimental Marine
Biology and Ecology 325: 111-24

Newman P. 2007 Goddard Space Flight Center NASA

Oberholster PJ, Botha A-M, Grobbelaar JU. 2004. Microcystis
aeruginosa:source of toxic microcystins in drinking water.
African Journal of Biotechnology 3: 159-68

211



Oliver RL, Ganf GG. 2000. Freshwater blooms: Kluwer Academic
Publishers

Orr PT, Jones GJ. 1998. Relationship between microcystin
production and cell division rates in nitrogen-limited
Microcystis aeruginosa cultures. Limnology Oceanography
43: 1604-14

Orr PT, Jones GJ], Douglas GB. 2004. Response of cultured
Microcystis aeruginosa from Swan River Australia, to
elevated salt concentration and consequences for bloom
and toxin management in estuaries. Marine and Fresh
water Research 55: 277-83

Paerl HW. 1983. Partitioning of the CO, fixation in the colonial
cyanobacterium  Microcystis aeruginosa: Mechanishm
promoting formation of surface scums. Applied and
Environmental microbiology 46: 252-9

Paerl HW, Bland PT, Tucker ], Blackwell ]J. 1983. The effects of
salinity on the potential of a blue-green alga (Microcystis
aeruginosa) bloom in the Neuse River Estuary, NC. Rep.
83-1, NC

Park H, Sasaki Y, Maruyama T, Yanagisawa E, Hiraishi A, Kato K.
2001. Degradation of the cyanobacterial hepatotoxin
microcystin by a new bacterium isolated from a
hypertrophic lake. Environ Toxicol 16: 337 - 43

Parker DL, Kumar HD, Rai IC, Singh JB. 1997. Potassium salts
inhibit growth of the cyanobacteria Microcystis spp. in
pond water and defined media: implications for control of
microcystin-producing aquatic blooms. Applied and
Environmental microbiology 63: 2324-9

Phillips MJ, Roberts R], Stewart JA, Codd GA. 1985. The toxicity
of the cyanobacterium Microcystis aeruginosa

to rainbow trout, Salmo gairdneri Richardson. J. Fish Dis. 8:
339-44

212



Rapala J, Lahti K, Sivonen K, Niemela SI. 1994. Biodegradability
and adsorption on lake sediments of cyanobacterial
hepatotoxins and ana-toxin-a. Lett. Appl. Microbiol. 19:
423-8

Rapala J, Sivonen K, Lyra C, Niemela SI. 1997. Variation of
microcystins, cyanobacterial hepatotoxins, in Anabaena
spp. as a function of growth stimuli. Applied and
Environmental microbiology 63: 2206-12

Rapala J, Erkomaa K, Kukkonen J, Sivonen K, Lahti K. 2002.
Detection of microcystins with protein phosphatase
inhibition assay, high-performance liquid chromatography-
UV detection and enzyme-linked immunosorbent assay -
Comparison of methods. Analytica Chimica Acta 466: 213-
31 (19)

Rapala J, Berg KA, Lyra C, Niemi RM, Manz W, et al. 2005.
Paucibacter toxinvorans gen. nov., sp. nhov., a bacteria
that degrades <cyclic cyanobacterial hepatotoxins
microcystins and nodularin. International Journal of
Systematic and Evolutionary microbiology 55: 1563-8

Reuter W, Mdiller C. 1992. Adaptation of the photosynthetic
apparatus of cyanobacteria to light and CO,. Journal of
photochemistry and photobiology B: Biology 21: 3-27

Robertson PKJ. 1996. Semiconductor photocatalysis: an
environmentally acceptable alternative production
technique and effluent treatment process. Journal of
Cleaner Production 4: 203-12

Robertson PKJ, Lawton LA, Munch B, Rouzade J]. 1997.
Destruction of cyanobacterial toxins by semiconductor
photocatalysis. Chem. Commun: 393-4

213



Sellner KG, Lacouture RV, Parrish CR. 1988. Effects of increasing
salinity on a cyanobacteria bloom in the Potomac River
Estuary. Journal Plankton Research 10

Shapiro. 1990. Intrathermocline lenses of Red Sea Water in the
Indian Ocean. DOKLADY AN SSSR 311: 469-73

Shapiro J. 1973. Blue green algae: why they become dominant.
Science 179: 382-4

Shapiro J. 1984. Blue-green dominance in lakes: the role and
management significance of pH and CO,. Internat. Rev.
Ges. Hydrobiol. 69: 765-80

Singh A, Sharma OP, Ojha S. 2000. Biodegradation of lantadene
A, the hepatotoxin of lantana plant, by Alcaligenes
odorans. International Biodeterioration and Biodegradation
46: 107-10

Sivonen K. 1990. Effects of light, temperature, nitrate,
orthophosphate, and bacteria on growth of hepatotoxin
production by Oscillatoria agardhii strains. Applied and
Environmental Microbiology 56: 2658-66

Sivonen K. 1996. Cyanobacterial toxins and toxin production.
Phycologia 35: 12-24

Sivonen K, Jones G. 1999. Cyanobacterial toxins Chapter 3, pp.
41-111. In Toxic cyanobacteria in water- a guide to their
public health consequences, monitoring and management,
ed. JB I.Chorus, pp. 41-111: E&F Spon for World health
organization

Stanier RY, Kunisawa R, Mandel M, Cohen-Bazine G. 1971.
Purification and properties of unicellular blue-green algae
(order chroococcales). Bacteriological Reviews 35: 171-
205

214



Sun B, Smirniotis PG, Boolchand P. 2005. Visible light
photocatalysis with platinized rutile TiO, for aqueous
organic oxidation. Langmuir 21: 11397-403

Utkilen H, Gjglme N. 1992. Toxin production by Microcystis
aeruginosa as a function of light in continuous and its
ecological significance. Applied and Environmental
microbiology 58: 1321-5

Utkilen H, Gjglme N. 1995. Iron-stimulated toxin production in
Microcystis aeruginosa. Applied and Environmental
microbiology 61: 797-800

Van Den Hoek C, Mann NH, Jahns HM. 1995. Algae, An
introduction to phycology: Cambridge University Press

Van der Westhuizen AJ, Eloff JN. 1985. Effect of temprature and
light on the toxicity and growth of the blue-green alga
Microcystis aeruginosa (UV-006). Planta 163: 55-9

Van der Westhuizen AJ, Eloff JN, Kriiger GH. 1986. Effect of
temptature and light (fluence rate) on the composition of
the toxin of the cyanobacterium Microcystis aeruginosa
(UV-006). Arch. fuer Hydrobiology 108: 145-54

Verspargen JMH, Passarge ], J6hnk KD, Visser PM, Peperzak L,
et al. 2006. Water management strategies against toxic
Microcystis blooms in the Dutch Delta. Ecological
applications 16: 313 - 27

Watanabe MF, Oishi S. 1985. Effects of environmental factors on
toxicity of a cyanobacterium (Microcystis aeruginosa)
under culture conditions. Applied and Environmental
microbiology 49: 1342-4

Welch IM, Barrett PRF, Gibson MT, Ridge I. 1990. Barley straw
as an inhibator of algal growth I: Studies in the
Chesterfield Canal. Journal Applied Phycology 2: 231-9

215



Whitton BA. 1992. Diversity, Ecology and Taxonomy of the
Cyanobacteria. In Biotechnology handbook 6,
Photosynthetic Prokaryotes, ed. NH Mann, NG Carr, pp. 1-
43. New York: Plenum Press

Wilmotte A. 1994. Molecular evolution and Taxonomy of the
cyanobacteria. In Molecular Biology of Cyanobacteria, ed.
DA Bryant: Springer Netherlands

Yamashita H, Harada M, Misaka ], Takeuchi M, Neppolian B,
Anpo M. 2003. Photocatalytic degradation of organic
compounds diluted in water using visible light-responsive
metal ion-implanted TiO, catalysts: Fe ion:implanted TiO..
Catalysis Today 84: 191-6

Yu S-Z. 1989. Drinking water and primary liver cancer In
Primary liver cancer, ed. ZY Tang, MC Wu, SS Xia, pp. 30 -
7. New York: China Academic Publishers

Yu S-Z. 1995. Primary prevention of hepatocellular carcinoma.
Journal Gastroenterol Hepatol 10: 674-82

Zhang p, Scrudato RJ, Germano G. 1994. Solar inactivation of
Escherichia Coli in aqueous using TiO, as catalyst.
Chemosphere 28: 607-11

Zhang T, You L, Zhang Y. 2006. Photocatalytic reduction of p-
chloronitrobenzene on illuminated nano-titanium dioxide
particles. Dyes and Pigments 68: 95-100

216



